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GENERAL INTRODUCTION 
Proteolysis of postmortem muscle can influence tenderness and water holding 
capacity. Therefore, it is of great importance to understand the effect of postmortem 
metabolism on final pork quality. 
Several studies have demonstrated how degradation of proteins tends to produce meat 
that is more tender when compared to meat where little or no protein degradation has 
occurred. Huff-Lonergan et al. (1996) demonstrated that degradation of titin, nebulin, 
filamin, desmin and troponin-T resulted in significantly improved tenderness. The protease 
µ-calpain was implicated in the degradation of these proteins and it was demonstrated that 
this protease plays a significant role in postmortem tenderization (Huff-Lonergan et al., 
1996). Likewise, Melody et al. (2004) demonstrated that µ-calpain activity and µ-calpain 
autolysis were associated with tenderness and water holding capacities (Melody et al., 2004). 
An earlier autolysis of µ-calpain was associated with earlier degradation of some key 
proteins. Proteolysis of titin, nebulin, desmin and troponin-T was determined on the 
longissimus dorsi, semimembranosus, and the psoas major. Additionally, a better water 
holding capacity was observed in the samples that exhibited greater desmin degradation 
(Melody et al., 2004). In agreement with these results, Lonergan et al. (2001) showed that 
longissimus dorsi samples in which greater troponin-T degradation had occurred, better water 
holding capacity was observed. Therefore, it was concluded that degradation of myofibrillar 
proteins might be associated with increased moisture and protein lost during storage 
(Lonergan et al., 2001). Lonergan et al. (2001) explains that the difference in water holding 
capacity caused by differences in proteolysis of myofibrillar proteins might be a result of the 
2 
proteolytic disruption that occurs at or near the Z-line of the sarcomere. Kristensen et al. 
(2001) hypothesized that degradation of the cytoskeleton during aging would produce an 
increase in the water holding capacity of meat, produced by the removal of inter-myofibrillar 
and costameric connections, hence reducing the linkage between the rigor-induced lateral 
shrinkage ofmyofibrils and the shrinkage of the whole muscle fiber. 
In living muscle the energy required for muscle contraction is stored in the form of 
glycogen. Muscle contraction occurs when Ca2+ is released from the sarcoplasmic reticulum 
and the levels of Ca2+ within the sarcoplasm reach a concentration of 10-5 M. The 
concentration needed to allow the muscle to relax is approximately 10-7 M. Therefore, to 
allow muscle relaxation ATP must be available, in order to remove Ca2+ from the sarcoplasm 
(Bowker et al., 2000). ATP is produced from glycogen stores available in muscle through a 
series of reactions. Glycogen stored in muscle will be converted to pyruvate and then, in the 
presence of oxygen, it will be oxidized through the TCA cycle resulting in the production of 
ATP. However, in postmortem muscle the oxygen stores start to be depleted resulting in the 
conversion of pyruvate to lactic acid. A production of lactic acid occurs until all the glycogen 
stores are depleted. The production of lactic acid results in a decrease in the muscle pH 
(Aberle et al. 2001). 
Accelerated chilling has been reported to decrease the pH decline and increase the 
water holding capacity of pork (Springer et al., 2003; Taylor and Dant, 1971; Maribo et al., 
1998). Springer et al. (2003) demonstrated that carcasses that received accelerated chilling 
had a higher pH when compared to carcasses that received conventional chilling. Color and 
water holding capacities were also improved when accelerated chilling was applied in these 
carcasses. Similarly, Milligan et al. (1998) stated that accelerated chilling significantly 
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reduced the incidence of unacceptable pork quality in loins and hams. Lower luminosity 
values and higher pHs were observed in the carcasses that received accelerated chilling. It 
was concluded that fewer undesirable visual traits and lower incidence of pale, soft and 
exudative meat can be obtained by accelerated chilling (Milligan, et al., 1998). 
Gardner et al. (2004) demonstrated that carcasses that received a shorter scalding 
duration (5 min) tended to result in higher pHs at 45 min, 2 h and 4 h when compared to 
carcasses that were scalded using a conventional scalding duration (8 min). In addition, 
negative correlations were found between these pHs and color scores and/or drip losses. 
These results indicate that a lower pH was associated with more drip losses and lighter color. 
Our hypothesis is that shortening the scalding duration accompanied with an earlier 
entry into the cooler would produce and improvement in pork color and water holding 
capacity. 
Thesis Organization 
This thesis is organized to an alternate style format. It is arranged beginning with a 
general introduction, followed by a general review of literature, one publishable paper, and a 
concluding summary. References cited within each chapter are listed at the end of that 
chapter. The paper will be submitted to Meat Science. 
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REVIEW OF LITERATURE 
Basic Structure of Muscle 
Tissues are formed by a combination of cells with varying amounts and kinds of 
intracellular substances (Cassens, 1971). There are four basic tissues that constitute the 
organs of an animal body. Epithelial tissue is built by sheets of cells that develop into the 
covering of the outer and inner surface of the body and the glands and other structures that 
derive from these sheets (Cassens, 1971). The main role of connective tissue is to connect 
various parts of the body, covering muscles, muscle bundles, and muscle fibers. Bone and 
cartilage are considered as supportive connective tissues, while extracellular fibers and a 
ground substance containing soluble glycoproteins, form the connective tissue proper (Aberle 
et al., 2001). The nervous tissue is mainly concerned with the conduction of impulses that 
starts in the brain or spinal cord and are transmitted to the muscle or other organs in the body. 
Finally, muscle tissue, associated with movement and position of the skeleton and 
contractility in many organs, is divided in cardiac muscle, smooth muscle, and skeletal 
muscle, according to their structure, innervation and control, and function (Goll et al., 1984). 
Cardiac muscle is an involuntary, striated muscle that is found only in the heart and 
that differs from the skeletal muscle in that its cells are mononucleated. Mitochondria and 
myoglobin are abundant in this kind of muscle (Goll et al., 1984). Smooth muscles can vary 
in size, and shape, depending in their location and are mainly found in the walls of blood and 
lymphatic vessels, walls of the digestive, urinary, reproductive, and respiratory tracts; the 
muscular walls of the uterus; and the dermal layer of the skin (Goll et al., 1984). 
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Skeletal muscle, also known as voluntary muscle, is made up of organs of the 
muscular system that are attached to bones via ligaments, fascia, cartilage, or skin (Aberle et 
al., 2001). Skeletal muscle is sometimes also called striated muscle due to its alternating light 
and dark bands that have a cross-striated appearance in the light microscope (Goll et al., 
1984). Due to its importance in the meat industry, this section will be focused on skeletal 
muscle. 
Skeletal muscle consists of 75 to 92 percent muscle fibers and the remaining volume 
consists of nerve fibers, connective tissues, blood vessels, and extracellular fluid (Aberle et 
al., 2001). 
Muscle fibers are multinucleated. Nuclei are located near the surface close to the 
sarcolema. Each nuclei is 8-10 Iln in length (Cassens, 1971). Muscle fibers can contain more 
than 2000 myofibrils. The myofibrils are long thin rods that have a diameter of 1 to 2 µm. 
(Aberle et al., 2001). Myofibrils are held in register, containing alternating light and dark 
bands that gives them a cross-striated appearance (Goll et al., 1984). The regions that appear 
to be darker with polarized light are anisotropic and are called A-bands, while the regions 
that seem to be lighter are isotropic and are called I bands (Cassens, 1971). The Z disc is the 
line that bisects the I band. One function of the Z-line is to hold thin filaments in a three 
dimensional array. The distance from one Z disk to another is known as a sarcomere, and its 
length can vary from 2.5-2.8 Iln in resting muscle to 2 Iln in contracting muscle (Goll et al., 
1984 ). The H-zone is defined as the light area that is seen in the middle of the A band, and 
the dark line that bisects this zone is known as the M line (Cassens, 1971 ). Myofibrils are 
classified in thick and thin filaments. Thick filaments have diameters that range from 14 to 
16 nm and can be 1.5 Iln long, while thin filaments range in diameter from 6 to 8 nm and 
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are 1 I1n long (Goll et al., 1984). All the myosin in the myofibril of skeletal muscle from 
vertebrates is contained in the thick filaments and accounts for more than 94% of the total 
protein contained in this filament while C-protein, along with other proteins, account for 4-
6% (Goll et al., 1984). Thick filaments can contain several hundred myosin molecules 
(Murray et al., 1974). Most of the actin, if not all of it, is contained in the thin filaments. 
However, thin filaments also contain tropomyosin, troponin and probably E-actinin, gelsolin 
and other proteins (Goll et al., 1984). The major proteins of the Z-disk are L1-actinin, 
tropomyosin, actin, and filamin (Goll et al., 1984). Titin and nebulin have also been found at 
the Z-line (Wang, 1982). Titin runs longitudinally from the M-line (composed primarily of 
M-protein and creatine kinase) to the Z-line, and nebulin extends longitudinally from the thin 
filament from the A band to the Z disk (Aberle et al., 2001). 
Myofibrillar Proteins of Muscle 
Proteins are a very important part in the animal body. Proteins can vary in size and 
shape (Aberle et al., 2001). According to their solubility in aqueous solvents, muscle proteins 
can be classified in three categories: myobrillar proteins, sarcoplasmic proteins and stroma 
proteins (Goll et al., 1984). Myofibrillar proteins account for approximately 60% of the total 
muscle protein and sarcoplasmic proteins make up approximately 28% of these. 
Proteins are present in the myofibrillar thick filaments (myosin, C-protein, and H-
protein), the M-line region (myomesin, M-protein, creatine kinase, and skelemin), thin 
filaments (actin, tropomyosin, troponin, tropomodulin, and nebulin), titin filaments (titin), 
integral Z-line region (a-actinin, CapZ), intermediate filaments (desmin, paranemin, and 
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synemin), Z-line periphery (filamin), and costameres (filamin, dystrophin, talin, and 
vinculin) (Robson et al., 1997). 
Since the myofibrilar proteins contribute to functional and sensory quality of muscle 
foods, they will be discussed in this section. The myofibrillar proteins that account for 
approximately 90 percent of the total myofibrilar proteins are myosin, actin, titin, 
tropomyosin, troponin, and nebulin (Aberle et al., 2001). These proteins will be discussed in 
this section along with other myofibrilar proteins, such as ~-actinin and desmin, which play 
also a very important role in the quality of meat. 
Myosin: As mentioned before, the thick filament in the myofibrils contain all of the myosin 
of skeletal muscle. Myosin has a mass of 470,000 Daltons and is a large muscle protein 
(Garret & Grisham, 1999). One myosin molecule looks like a thin rod with two small 
globular heads at one end (Murray et al., 1974) and it is 170-175 nm long (Goll et al., 1984). 
The rod segment of the molecule has a length of 155-160 nm and a diameter of 1.5 nm, while 
the two heads have an ellipsoidal shape with a diameter of 6.0-6.5 nm and a longitude of 18-
19 nm (Goll et al., 1984). Each myosin molecule contain two heavy chains of molecular 
weight 200 kilodaltons and 4 light chains that range in size from 17-21 kilodaltons (Young et 
al., 1990). Myosin and actin play an essential role in the contraction and relaxation of muscle 
(Goll et al., 1984). Sarcomeric shortening is produced when actin interacts with myosin, 
allowing that the ATPase-stimulating and physicochemical interactions between actin and 
myosin occur, producing the active contractile state required for muscle shortening. 
Relaxation of the muscle will depend on the removal of calcium ions resulting in cross-
bridge formations between actin and myosin being removed. 
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Actin: The main constituent of the thin filament, actin, plays an essential role in the motility 
of cells in the sarcomeric contractile systems of skeletal and cardiac muscle cells, in 
contractile system of smooth muscle cells, and in the cytoskeletal contractile system of non-
muscle cells (Young et al., 1990). This protein accounts for about 20% of the myofibrillar 
proteins (Aberle et al., 2001) and can exist in two forms: G-actin and F-actin. The first one is 
a globular shaped molecule of about 5.5 nm in diameter, and is also known as the monomeric 
form of actin (Aberle, et al., 2001 ). F-actin is polymer of the globular G-actin, which is in 
the thin filament (Young et al., 1990). 
Tropomyosin and Troponin: Troponin and tropomyosin constitute approximately 5% of the 
total myofibrillar protein and both lie in close contact with the actin filament (Aberle et al., 
2001). The molecular weight of tropomyosin is approximately 68,000 Daltons and it is a rod 
shaped molecule of approximately 42.3 nm long (Goll et al., 1984). For every seven or eight 
G-actin molecules along the actin filament, there is one molecule of troponin (Aberle et al., 
2001). Troponin contains three subnunit polypeptide chains known as troponin-T, troponin-I, 
and troponin-C (Goll et al., 1984). Troponin-T has a molecular mass of 37,000 Daltons and is 
the protein that binds to tropomyosin (Garret & Grisham, 1999). The main role of troponin-I 
is to inhibit the activated ATPase activity of myosin when myosin has been activated by 
Mg2+ in the presence of actin (Goll et al., 1984). Troponin-I binds to troponin-T, troponin-C 
and to actin when Ca2+ is not present (Goll et al., 1984). Troponin-C has four binding sites 
that have affinity to divalent cations and two of the binding sites are responsible for binding 
Ca2+ during contraction or relaxation (Goll et al., 1984). It has been reported that the 
degradation of troponin-T could indicate that overall protein degradation has occurred in 
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meat (Lonergan et al., 2001 a, Lonergan et al., 2001 b ). It is also possible that since troponin-T 
plays a role in regulating the interaction between actin and myosin, its disruption could effect 
the interfilament spacing and therefore, affect the water holding capacity of the myofibril 
(Lonergan et al., 2001a). 
Titin and Nebulin: Titin constitutes approximately 10% of the myofibrillar mass (Wang, 
1982) and is a pair of closely related megadalton polypeptides that are the third most 
abundant myofibrillar protein in a broad range of skeletal and cardiac muscles (Wang et al., 
1984). Titin is a 3,000 kDa protein that is the largest protein yet discovered (Huff-Lonergan 
et al., 1995). One of the possible functions of the protein titin is to maintain the overall 
structure of the myofibril (Huff-Lonergan et al., 1996). Likewise, Aberle et al. (2001) 
explains that possible functions of titin are to provide the scaffold for alignment of the 
filaments during myofibril and sarcomere formation and to maintain the integrity of the 
myofibrils to maintain them in an ordered structure within the sarcomere in mature 
myofibrils (Aberle et al., 2001 ). It is also believed that titin maintains elasticity and resting 
tension of skeletal muscles (Huff-Lonergan et al. 1996). Nebulin is an 800 kDa insoluble 
protein (Huff-Lonergan et al., 1995) that comprises about 4% of the myofibrillar proteins 
(Aberle et al., 2001). Nebulin is a thin and elongated molecule that runs parallel to the actin 
filament (Robson et al., 1997). Both titin and nebulin contribute in a great degree m 
preserving the longitudinal continuity and integrity of muscle cells (Robson et al., 1997). 
Desmin: Desmin is a 52-56 kDa protein that is present in the intermediate filaments of 
skeletal, cardiac, and smooth muscles (Li et al., 1997). Desmin intermediate filaments have a 
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diameter of about 10 nm and link myofibrillar Z-lines to subcellular organelles and to 
adjacent myofibrills (Robson et al., 1997, Robson et al., 1991) and therefore it is located at 
the periphery of the Z-disk but is not part of it (Taylor et al. 1995). Desmin and vinculin are 
cytoskeletal proteins that connect the myofibrils to each other and myofibrils to cell 
membranes, respectively (Schafer et al. 2002). It is believed that the function of intermediate 
filaments of desmin is to hold together adjacent myofibrils in developing muscle cells 
(Robson et al., 1997). Postmortem degradation of desmin has been associated with an 
increase in tenderness (Huff-Lonergan et al., 1996) and studies have shown that degradation 
of certain cytoskeleton proteins, including desmin, can also increase the water holding 
capacity of pork (Melody et al., 2004). The degradation of intermediate filaments as well as 
the degradation of the exterior layer of myofibrils could therefore affect meat tenderness 
(Huff-Lonergan et al., 1996). 
a-actinin: a-actinin is an integral Z-line protein of a molecular mass of 190,000 Daltons that 
represents about 2% of the myofibril (Robson et al, 1997). It is believed that a-actinin is the 
major protein component of the Z-line. Acording to Robson et al. (1997), some of the 
possible roles of a-actinin in skeletal muscle are to comprise Z-filaments that help anchor 
thin filaments from apposing sarcomeres, to help in determining directionality and regulating 
growth of thin filaments and to modify structures of actin in thin filaments and thereby 
enhance contractile-promoting activity of actin. 
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Postmortem Changes in Pork Muscle 
During the conversion of muscle to meat, the muscle undergoes several changes 
postmortem. The loss of homeostasis is one of the changes that hinders the ability of muscle 
to remove certain metabolites that are normally produced during the metabolism of muscle. 
Homeostasis is defined as the ability that the organs have to carry out biosynthetic reactions 
at constant temperature and pressure, with the objective of maintaining a constant internal 
environment (Garrett and Grisham, 1999) that allows the organism to survive under adverse 
conditions (Aberle et al., 2001). In living muscle the muscle is able to contract and relax, but 
once the muscle is converted to meat this ability is lost due to the loss of ATP. One of the 
first changes that occurs early postmortem is a loss in homeostasis. Postmosterm changes are 
dependent on the conditions prior to slaughter such as transportation, handling etc. (Aberle et 
al., 2001). 
After exsanguination the circulatory system is no longer able to supply oxygen to the 
muscles or to eliminate the metabolites formed during exsanguination (Aberle et al., 2001). 
Therefore, the energy metabolism is shifted to the anaerobic pathway, leading to the 
accumulation of lactic acid formed from pyruvic acid in the absence of oxygen, and 
producing a decrease in the muscle pH. 
Glucose is stored in muscle in the form of glycogen. Glycogen phosphorylase is the 
first enzyme that plays a role in the breakdown of glycogen producing glucose I-phosphate 
and glycogen. Glucose I-phosphate can be converted to glucose 6-phosphate by the enzyme 
phosphoglucomutase (Berg, Tymoczko and Stryer, 2002). Therefore, the first step of 
glycolysis is the phosphorylation of glucose to obtain glucose 6-phosphate which will then be 
converted to fructose 6-phosphate (Fig. 1 ). During glycolysis, one molecule of glucose is 
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converted into two molecules of pyruvate. The main function of the glycolysis pathway is to 
generate Adenosine triphosphate (ATP) molecules through the breakdown of glucose. 
Adenosine triphosphate provides energy for muscle contraction, to allow the transport of ions 
through cell membranes and intracellular membrane systems (Honikel and Kim, 1986). 
Stores of creatine phosphate are used to form ATP from ADP. After creatine phosphate is no 
longer available, glycogen stores begin to be utilized to produce ATP. Once glycogen has 
been depleted, ATP can no longer be produced and irreversible actomyosin bonds begin to 
form leading to the initial phase of rigor mortis. 
Nucleoside-diphosphate sugars ~ polysaccharides 
it 
Nucleoside-diphosphate glucose ~ 
j t ------ Glycogen 
Glucose-1-phosphate.----
ATP j t H20 
Glucose "' Glucose-6-phosphate "' Glucose + Pi 
/ ~ 
6-Phosphogluconic acid Fructose-6-phosphate 
+02 ~ 
C02 ~ Pyruvic acid _,.. __ "' lactic acid Pentoses + C02 
Fig. 1 Glycolytic pathways showing the central role of glucose-6-phosphate in metabolism 
(Pearson, 1971) 
Meat Quality Problems 
A normal pH decline should be from 7.4 (living muscle) to an ultimate pH of 
approximately 5.6 (24 h postmortem pH). However, an accelerated glycogenolysis and 
glycolysis during the first hour postmortem results in pale, soft and exudative pork, known as 
PSE meat. This occurs due to an accelerated anaerobic breakdown of glycogen caused by a 
14 
rapid ATP breakdown, resulting in the production of lactic acid and therefore, producing a 
rapid pH decline from 7.4 to below 5.8 in less than 45 min postmortem (Honikel and Kim, 
1996). Extensive denaturation of several myofibrillar and sarcoplasmic proteins, occurs due 
to low pHs and high temperatures, producing the characteristic pale color in meat (Huff-
Lonergan et al., 2001). Drip losses are also increased in this condition. It is believed that the 
decreased water holding capacity observed in PSE meat is produced due to changes in the 
muscle proteins and cell membranes produced by very rapid glycolysis (Honikel and Kim, 
1996). Some of these changes are the shrinkage of the myofilament lattice postmortem, 
myofibrillar shrinkage and contraction, myosin denaturation, structural changes at the fiber 
and fiber bundle and changes in the permeability of the cell and basement membrane 
(Schafer et al., 2002). 
Offer ( 1991) stated that the high drip losses produced in PSE meat are a result of the 
denaturation of myosin before rigor. The amount of denaturation of myosin increases with 
the increasing rate in pH decline. He explained that the filament lattice spacing is in PSE 
meat is considerably less than in DFD meat. Therefore, extra shrinkage is produced, causing 
the fluid contained between the fibers and fiber bundles to be expelled, and leading to 
increases in drip losses. However, in the case of RSE, denaturation of myofibrillar proteins is 
not significant as in PSE meat, but the drip losses are similar (Offer, 1991). RSE meat can 
have a normal color, but RSE meat has an increased denaturation of phosphorylase compared 
to normal meat. The presence of phosphorylase in the myofibrillar fraction of meat can 
indicate that denaturation of sarcoplasmic protein has occurred (Wilson et al., 1999). 
Honikel and Kim (1996) explained that this increase in metabolism could be more prevalent 
in halothane-sensitive pigs, where ATP is consumed as a result of the circulation of fructose-
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6-phosphate via fructose-1,6-phosphate. They also explained that ATP is consumed 40 times 
higher after halothane has been applied. Honikel and Kim also explained that increased 
metabolism could also be produced by the transport of calcium ions flowing from the 
extracellular area (sarcoplasmic reticulum) into the myofibrillar area during contraction, 
using up ATP at increased levels (Honikel and Kim, 1996). 
It has been demonstrated that myosin is vulnerable to the denaturation that occurs in 
PSE carcasses. It has been observed that a reduction in the salt-solubility of the myofibrillar 
protein and in the myofibrillar ATPase activity occurs in PSE meat (Offer, 1991; Wismer-
Pedersen, 1959; Bendall & Wismer-Pedersen, 1962; Sayre & Briskey, 1963; McLoughlin, 
1963; Penny, 1967, 1969; Honikel & Kim, 1986). Hence, a reduction in the salt solubility of 
the myofibrillar protein would indicate that denaturation of myosin has occurred (Offer, 
1991; Wismer-Pedersen, 1959; McLoughlin, 1963; Penny, 1969). 
The rate of pH decline depends on initial muscle glycogen stores and in the rate of 
muscle metabolism. The rate of pH decline has a great impact on meat quality. There are 
several factors that affect the conversion of muscle to meat, affecting the attributes that 
determine the quality of meat. 
When glycogen is converted to lactate, the pH decreases producing intracellular 
acidosis. This increase in acidity produces an imbalanced energy state that activates the 
myokinase, starting a cascade of events that leads to the degradation of nucleotides and will 
eventually produce the loss of ATP precursors. AMP that is formed in the myokinase-
catalyzed reaction is then converted to IMP and then it is degraded to inosin, hypoxanthine, 
xanthine, uric acid, and allantoin. Therefore, the production of IMP indicates a reduction in 
potential ATP production (Schafer et al., 2002). The presence of creatine phosphate at 
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concentrations above 3 mmol/kg, maintains levels of ATP constant and increases in the 
levels of glycogen might be observed. Schafer et al. (2002) demonstrated that the levels of 
creatine phosphate appear to be lower in animals that had been exposed to exercise when 
compared to animals that were not subjected to any exercise. 
Factors that affect Meat Quality 
The factors that affect meat quality include genetics, nutritional inputs, on-farm 
handling, handling during transport, pre-slaughter handling, stun, stick, and early postmortem 
handling, handling during evisceration, chilling and fabrication (Meisinger, 2002). The 
importance that the postmortem factors can have on meat quality will be discussed in this 
section. 
Meat quality is defined by Van der Wal et al. (1997) as a combination of different 
properties influenced by biochemical processes that can affect consumer acceptance and/or 
technological aspects. 
A study by Lonergan et al. (2001) showed that selection for lean growth efficiency in 
Duroc pigs affected pork quality. In this study it was demonstrated that pigs that were 
selected for lean growth efficiency had an improved lean gain and carcass composition. 
Selection of the pigs was made according to improved feed conversion and decreased backfat 
thickness at 105 kg. It was also found that the pH of the longissimus dorsi from the selected 
pigs was significantly lower than the pH of the control pigs at 15, 30, and 45 min 
postmortem. The longissimus dorsi from the selected line was significantly less firm that the 
control line longissimus dorsi. Lonergan et al. (2001a) also found that the loin chops from the 
select line had more drip losses and higher Warner-Bratzler Shear values than the control 
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line. In this study it was also demonstrated that calpastatin activity did not vary between the 
control and the selected line. Calpastatin is the endogenous inhibitor of the cal pain enzymes, 
which are the enzymes responsible for most of the protein degradation that occurs and 
influences tenderness in meat (Lonergan et al., 2001). 
Candek-Potokar et al. (1997) demonstrated that increasing age at a given body weight 
via feed restriction resulted in a reduction in the intramuscular fat, collagen concentrations 
and in the rate of postmortem proteolysis when compared to pigs that were feed ad libidum to 
increase weight and age simultaneously. Additionally, the pigs that had the feed restriction 
had better feed efficiency and an increase in leanness. Tenderness, chewiness and mouth 
coating scores were reduced as age and weight increased. Meat sensory quality was not 
affected in the pigs that were feed restricted. 
Claeys et al. (2001) found that pigs that were susceptible to stress and that were 
selected for high carcass lean had a lower fat and lean tissue gain than pigs that were stress 
resistant and were selected for maximum live weight. Stress susceptible pigs showed lower 
activities of µ-calpain, m-calpain, pyroglutamyl aminopeptidase I, acid lipase and neutral 
phospholipase in the transverses abdominis. Claeys et al. (2001) explains that the differences 
observed were strongly related to the rate of pH fall and therefore, the lower enzyme 
activities indicate a higher degree of denaturation of the enzymes produced by a rapid pH 
decline. 
Pre-slaughter practices can have a profound effect on final meat quality. It has been 
suggested that the handling practices can account for 10-15% of the variation in PSE (Van 
der Wal et al., 1997). Negative handling of pigs (forced to move, fighting behavior) could 
result in an increase in muscle glycogenolysis, producing an increase in muscle temperature 
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and a rapid pH decline that would produce pale, soft, and exudative pork (D'Souza et al., 
1998). In a study by Van der Wal et al. (1997), it was reported that stress that was applied 
immediately before slaughter was a much more important factor than the stress applied to 
pigs at an earlier time during the day of slaughter. Therefore, they suggested a lairage 
duration of at least 2 to 4 hours and concluded that the period immediately before stunning 
appeared to have a relatively large effect on pork quality. It has been estimated that the 
economic losses in Australia associated with PSE pork are approximately $20 million per 
year (D'Souza et al., 1998, Whan, 1993). 
D'Souza et al. (1998) demonstrated that pigs that were negatively handled prior to 
slaughter resulted in pork that was of considerably poorer quality than pigs that were handled 
under normal conditions. The pigs that were negatively handled received 15 electric shocks 
during the 5 min before slaughter. Pigs that were minimally handled (no use of electric 
goads) had considerably higher rates of glycogenolysis from 45 min to 70 minutes and from 
70 min to 24 h postmortem. It was also reported that the pigs that were negatively handled 
had higher temperature and lower pH in the longissimus thoracis and the biceps femoris at 45 
minutes and 70 minutes postmortem than the pigs that received minimal handling. The pigs 
that received minimal handling had also lower surface exudates in both muscles than the 
negatively handled pigs. They explained that the use of electric goads to transport pigs could 
increase the plasma adrenaline and noradrenaline concentrations resulting in an increased 
glycogenolysis. Guise and Penny (1989), as cited by D'Souza et al. (1998), stated that the use 
of electric goads to load or unload pigs as well as to move pigs to the slaughter area has 
resulted in skin blemishes. However they also reported that this had little effect on the 
paleness of meat. 
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Genetic inputs are probably one of the main factors affecting quality. Some of the 
factors that are affected by genetic inputs along with feeding strategy are fat content, carcass 
composition, and uniformity (Rosenvold and Andersen, 2003). It has long been known that 
the presence of a mutation in the halothane gene, also known as the porcine stress syndrome 
gene, can induce an acceleration of the pH decline (Sellier et al.,1994). Pigs that are 
homozygous (nn) or heterozygous (Nn) for the Halothane gene are susceptible to stress and, 
even when animals are handled carefully, a high rate of postmortem glycolysis occurs (Offer, 
1991 ). Due to a generation of heat during glycolysis, the temperature of the carcass is higher 
than it was before and when combined with low pH the rate of protein denaturation increases 
(Offer, 1991). The pigs that are free of this mutation (NN) appear to have lower lean 
percentages or yields of some primal cuts, but have a lower incidence of PSE meat, as 
compared with Nn or nn pigs (Fabrega et al., 2002). 
The mutation of the HAL gene (RYRl) is located in the gene that encodes the 
ryanodine receptor (Rosenvold and Anderson, 2003). The ryanodine receptor is a protein of 
565 kDa that has a homotetramer structure (Lai et al., 1992, Lai et al., 1989). The four 
subunits of the ryanodine receptor configure into a four-leaf-clover like patter that resembles 
the morphology of the 'feet' structures and that bridges the gap between the T tubule 
membranes and the sarcoplasmic reticulum (Lai et al., 1992). Ca2+ release from intracellular 
stores is required in order to allow muscle to contract (Macrez and Mironneau, 2000). There 
are three isoforms of the ryanodine receptor that are present in mammals: RYRl, RYR2 and 
RYR3 (Fill and Copello, 2002). The subtypes I and 3 of the ryanodine receptor are expressed 
in early stages of skeletal muscle development. The subtype I of the ryanodine receptor 
(RYRl) is expressed in all skeletal muscles while subtype 3 is expressed in slow-twitch 
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muscles such as the diaphragm but it hasn't been observed in fast-twitch muscle (Macrez and 
Mironneay, 2000). The coupling of the excitation-contraction of skeletal muscle occurs 
through the RYRl subtype. It is thought that the excitation contraction coupling in mature 
cardiac cells occurs thorough R YR2. 
A mutation in the RYRl produces that greater amounts of calcium leak from the 
sarcoplasmic reticulum and results in a more rapid pH decline early postmortem (Aberle et 
al., 2001). Therefore, the RYRl mutation results in a faster rate of glycolysis where an 
increase of glucose-6-phosphate level has been observed (Monin et al., 1981 ). 
Some countries in Europe have eliminated the presence of the Halothane gene from 
their lines. According to Rosenvold and Andersen (2003), there is higher incidence of PSE 
meats in certain breeds, such as in the Pietrain and Poland China. Monin et al. (1980) 
reported that Pietran pigs that were tested positive for the Hal gene had meatier and shorter 
carcasses that contained 2.2% more muscle than the pigs that tested negative for the HAL 
gene. Monin et al. (1980) also reported that the HAL positive pigs also produced more 
cooked ham per pig than the HAL negative pigs. They also reported that in the case of 
Landrace, the incidence of PSE meat depended on the strain within the breed. In accordance 
with these findings Sellier and Monin (1994) reported that the breed that is believed to be the 
most susceptible to the HAL gene is the Pietrain breed. The Belgian Landrace also presents a 
high frequency of the Hal gene, producing a rapid pH decrease, but on the other hand, the 
ultimate pH produced is relatively high (Sellier and Monin, 1994). The presence of the HAL 
gene in most of Landrace populations and in the Large white in Europe is relatively low, with 
the Landrace having a slightly higher final pH (Sellier and Monin, 1994). When comparing 
the Large White breed to the Hampshire, they appear to have similar pH rate declines, but the 
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latter appears to have paler meat with cooking yields lower than in the Landrace. The pale 
color and low yield appear to be the result of a low ultimate pH in the ham muscles and to the 
relatively low protein content (Sellier and Monin, 1994). The ultimate pH can be explained 
due to an excess in the level of glycogen in these pigs (Sellier and Monin, 1994). 
Another common problem for the pork industry is the presence of the Redemnent 
Napole (RN-) gene. The RN- gene received its name after determining that this gene 
appeared to decrease the Napole yield, an indicator of the technological yield (ratio between 
the weight of cooked ham and the weight of trimmed, deboned fresh ham) of cured cooked 
ham. The RN- gene produces meat that is designated as "acid meat" (Sellier and Monin, 
1994). Meat from pigs that possess this gene, have high muscle glycogen stores producing an 
extended pH decline (Rosenvold and Anderson, 2003). The presence of the RN-gene results 
in a reduction in the water holding capacity of meat. This reduction in WHC is explained by 
Deng et al. (2002) as a higher denaturation of myosin and sarcoplasmic proteins in pork from 
carriers of the RN- gene, that is induced by the low ultimate pH. It is believed that this gene 
mainly operates by increasing the glycolytic potential or in other words it increases the 
amount of glycogen in white muscles (Sellier and Monin, 1994) and it has been mainly 
encountered in the Hampshire breed but it has also been found in other breeds (Rosenvold 
and Andersen, 2003). Rosenvold and Anderson (2003) also reported that the causative 
mutation (R200Q) of this gene is located in the PRKAG3 (protein kinase AMP-activated, y3 
subunit). Likewise, Josell et al. (2003) mentioned that the dominant RN- mutation is a 
substitution in the PRKAG3 gene (Milan et al., 2000). Pigs with this condition possess an 
altered adenosine monophosphate (AMP) kinase that results in greater production of 
glycogen and therefore, pigs have a higher amount of glycogen at the time of slaughter, 
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resulting in greater amounts of lactic acid (Aberle et al., 2001). This condition appears to 
have a normal pH decline early postmortem, but it appears to decrease the final pH, 
producing paler meat and a subtle decrease in the water holding capacity of meat (Rosenvold 
and Anderson, 2003). Pigs that are carriers of the RN- gene appear to produce meat that is 
more tender, more intense in taste and have a more acidic taste than the meat of pigs that are 
non carriers (Josel et al., 2003). Although there are some conflicting results regarding 
tenderness, Josel et al. (2003) reported that the presence of the RN- gene appeared to have a 
positive effect on tenderness (more tender) and they also reported an improvement in 
juiciness. Josel et al. (2003) suggested that the difference in tenderness between the two 
genotypes (carriers and non carriers of the RN- gene), is the proteolytic action that is 
initiated by a more rapid pH decline in RN- carriers than from non-carriers, being this the 
most important factor that affects tenderness. 
Impact of Harvest Processes on Meat Quality 
Stunning 
The two most common methods used to render the animal unconscious are electric 
and carbon dioxide stunning (Velarde et al., 1999). In 1958 the humane slaughter act (HAS) 
was created to ensure that all animals slaughtered for human consumption are killed in the 
most humane method possible. In 1990 it was made mandatory that no person should stick 
any animal in a slaughterhouse within sight of any other animal. The Welfare of Animals 
(Slaughter or Killing) Regulations also requires that pigs are stunned prior to being 
slaughtered by exsanguination (sticking) (Anil et al., 2000; HMSO, 1995). A properly 
stunned animal must not be capable of lifting his head or positioning himself to stand up 
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(HMSO). The practical recommendations suggest a minimum level during stunning of 1.3 
Amps with a duration of application of 5 to 7 seconds. Wotton et al., (1992) reported that to 
achieve this current level (1.3 Amps) voltages of more than 240 volts are required, which 
often produces detrimental effects on carcass quality. It has been reported that when 
increasing the voltage from 180 to 250 V the incidence of bone fractures increases 
significantly (Wotton et al., 1992, Ring & Kortmann, 1988). It was stated by Gregory (1989) 
that when the voltage and the current is too high, broken vertebrae can occur in pigs that are 
stunned using head-back stunning (Wotton et al., 1992). But Gregory (1989) mentioned that 
when 1.3 A are used, satisfactory stun can be obtained with minimal fractures (Wotton et al., 
1992). A maximum stun to stick interval of 15 seconds is recommended and it has been 
suggested that the pigs are wetted prior to electric stunning. 
The position of the back to rear electrode can influence the occurrence of broken 
vertebrae. Wotton et al. (1992) reported that when the rear electrode was positioned between 
the fourth and seventh cervical vertebrae, no breaks were produced even when currents 
greater than 1.3 A were used. On the other hand when the rear electrode was situated in this 
manner cardiac fibrillation was not ensured 100% of the time and therefore, this would not 
guarantee that the animal will not recover consciousness prior to sticking. 
Another common problem in slaughter abattoirs is kicking post stunning, making 
more difficult to handle the carcasses. This problem could be minimized by positioning the 
rear electrode caudal to the eight thoracic vertebrae. According to Wotton et al. (1992), this 
occurs due to the presence of a large alternating current that is sufficiently caudal and close 
to the spinal cord and will produce a block in the transmission of the signals from the brain to 
the musculature. This block will continue for a period after stunning and that when the block 
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occurs in combination with cardiac arrest the spinal cord will not recover transmission 
capabilities, avoiding kicking and allowing the carcass to remain in a relaxed state. Wotton et 
al. (1992) also showed that the more muscular pigs were, the higher the incidence of broken 
vertebrae. One of the possible reasons for this is that the greater muscle size that these pigs 
have produces greater pressure on the vertebrae when stimulated directly by the stunning 
current. The position of the electrode didn't have any influence in the appearance of blood 
splashes, muscle hemorrhages and the variations in meat color (Wotton et al., 1992). Blood 
splashing is defined by Warrington (1974) as an aesthetic problem that results from the 
production of hemorrhages in the carcasses that are electrically stunned. 
In a study by van der Wal et al. (1997) it was demonstrated that the stunning 
procedure significantly affected the pH taken at 45 min in the longissimus lumborum muscle. 
They reported that incorrect stunning resulted in aberrant pork quality that was the result of 
more severe muscular contractions that produced an increase in muscle activity that 
decreased considerably the quality of pork. 
Another method that is commercially used in the meat industry is the carbon dioxide 
stunning. This method reduces the incidence and extent of blood splashes ( ecchymosis ). It is 
also effective in reducing the amount of kicking since hogs can remain motionless for at least 
60 seconds (Channon et al., 2002). 
In a study by Velarde et al. (2000) it was shown that carbon dioxide reduced the 
incidence of PSE meat. It has been demonstrated that electrical stunning increases the stress 
in the animal, when compared to C02 stunning, produced by an increased muscular activity 
and an elevated release of cathecolamines in the blood (Velarde et al., 2000). In this study 
pigs were slaughter in four different commercial abattoirs where two abattoirs (A and B) 
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were equipped with a head-only and a head-to-chest electrical stunning system and the other 
two were equipped with a carbon dioxide stunner. Velarde et al. (2000) found that that the 
loins from electrical stunning were more pale than carbon dioxide loins and that the 
incidence of petechiae (fiery point bleeding in the fat or surrounding tissue) in the loin and 
ham were increased (Velarde et al., 2000). 
Warriss and Leach (1978) reported that when lambs were stunned either with captive 
bolt, electrical shock or pithing the lamb pluck weight did not vary. Warris and Leach also 
demonstrated that the carcasses that were electrically stunned lost more blood than the 
carcasses that were stunned with a captive bolt pistol. 
Another study by Burston et al. (1983) compared the effects of stunning method when 
stunning with captive bolt or electrical stunning were used. In this study it was reported that 
stunning with captive bolt increased the kicking times after stunning and resulted in paler 
color in the gluteus medius muscle. Since in this study the interval between stunning and 
exsanguination was also compared, four treatments were applied to the pigs, where the 
treatments were the combinations of captive bolt stunning and electrical stunning, with either 
a normal or a delayed interval between stunning and bleeding. The captive bolt stunning in 
combination with the delayed time interval had the highest blood splashing scores. It has 
previously been reported that captive bolt stunning has the tendency of producing higher 
incidences of blood splashing than electrical or carbon dioxide stunning (Burston et al., 1983, 
van der Wal, 1978). 
Kirton et al. (1981) demonstrated that head-back stunning considerably decreased the 
amount of blood splashes in lambs when comparing it to head-stunning. According to Kirton 
et al. (1981 ), the reduction in blood splashes occurs because the head to back stunning 
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prevents any blood pressure rise. Head to back stunning causes the heart to fibrillate when 
the animal is stunned. Wotton & Gregory demonstrated that this stunning method is a more 
humane immobilizer than the conventional stunning method (head only stunning) (Wotton et 
al., 1992, Wotton & Gregory, 1986). The head to back stunning method was introduced to 
eliminate the recovery of consciousness before death occurs. This was done because many 
times pigs recover consciousness while being slaughtered due to the long periods of time 
between stunning to sticking. This method (head to back) stops the heart and kills the animal 
when voltage is applied (Wotton et al., 1992). 
Bleeding 
One of the main steps during slaughter is the efficient exsanguination of pig 
carcasses. This is one of the most important steps in the conversion of muscle to meat 
because it represents the termination of aerobic metabolism (Swatland, 1982). During 
slaughter, animals are exposed to stress. This produces a release of catecholamines, resulting 
in peripheral vasoconstriction and therefore, increases the level of residual blood in meat 
(W arris, 1978). 
The use of blood plasma in processed foods is being studied as an alternative of 
adding protein value to food products. Blood plasma is also known to improve color in 
sausages and it is also an excellent emulsifier. Even though the use of blood plasma in the 
manufacture of processed meat products is not very common in the United States, 
manufacture of blood sausages and blood pudding has long been done in Europe and Asia 
(Vimini et al., 1983). Due to blood properties as an emulsifier it can also be utilized in bread 
and pastry products and gels and puddings (Vimini et al., 1983). Other uses for animal blood 
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include vaccine production, immunological and/or serological assays, substitute for human 
blood in hematology, clinical laboratory curriculums, and culture media preparation. 
During exsanguination, approximately 40 to 60 percent of blood is lost, while the rest 
is probably retained in the viscera. The amount of blood lost at exsanguination can be 
affected by the slaughter techniques utilized. Since the pressure of the blood is maintained by 
the pumping action of the heart, the tension of the wall of the arterial vessels and the 
resistance of the vascular beds, the vessels can vary slightly depending on species and the 
method of sticking (Warris, 1984). 
It has been reported that residual blood in meat could lead to a reduction in shelf life 
due to the increase in pH and moisture (Vimini et al., 1983, Thorton, 1949, Warris, 1978, 
Jay, 1978). Therefore, it is of great importance to try to optimize the amount of blood 
collected. One of the essential factors in controlling the residual blood content from meat is 
the continued heart action. This will allow blood to be drained from the muscles at the time 
of slaughter and will reduce the amount ofresidual blood (Warris, 1978, Thornton & Gracey, 
1974). It has been reported that electrical stunning, using the head-back method, stops the 
heart at the moment the current is applied and hence, reduces the amount of blood that is 
removed (Kirton et al., 1981, Frazerhust, 1978; Blackmore et al., 1979). Kirton et al. (1981), 
compared the effect of stunning method on bleeding efficiency. In their study lambs were 
either not stunned or were stunned using the head application method or the head to back 
stunning method. Kirton et al. (1981) demonstrated that the amount of blood collected from 
the carcasses that were not stunned was not significantly different from the blood obtained 
from the head stunned lambs. However, there was a significant difference observed between 
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the head stunned lambs and the head to back stunned lambs. A higher amount of blood was 
collected during the first 120 seconds from the carcasses that were head stunned. 
Gardner et al. (2003) showed that 90.77% of the total blood was collected during the 
first minute after sticking, they also showed that 99.43% of the blood was collected during 
the first three minutes after sticking. Carcasses were stunned using a head only electrical 
stunner. They also stated that the total amount of blood collected accounted for 3.55% of the 
live weight and 4.59% of the hot carcass weight. They concluded that almost all of the blood 
was collected during the first three minutes after sticking. This was consistent with a study by 
W arris and Wotton (1981) where they demonstrated that the majority of the blood (99 .6%) 
was collected during the first 2.5 minutes after sticking. Likewise, Blackmore & Newhook 
(1976) reported that, under normal conditions, most of the blood was collected during the 
first 120 seconds after sticking. 
In a study by Vimini et al. (1983) it was demonstrated that in beef carcasses 
increasing the interval of time between stunning and bleeding, resulted in lower blood 
recovery. Carcasses were bled 3 or 6 min after stunning, after which time the head was 
removed. In their study the blood collected from the animals that were bled 6 minutes after 
stunning was significantly less (3. 7% of heifer carcass weight) than the blood collected from 
the heifers that received no delay in bleeding after stunning (5.6% of heifer carcass weight). 
Although, the difference between the blood percentages collected from the animals that were 
bled 6 minutes and 3 minutes after stunning was not significantly different, the blood 
percentage from the animals that were bled for 3 minutes after stunning was higher (3.9% of 
heifer carcass weight). In their study they also used steers that were either bled immediately 
after stunning, 3 minutes after stunning or that were bled 30 minutes after stunning. They 
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showed that the steers that were bled just after stunning had significantly higher blood yields 
(5.9 % of steer carcass weight) than the steers that were bled after 3 min of stunning (4.9 % 
of steer carcass weight) and than the steers that were bled after 30 min of stunning ( 4.1 % of 
steer carcass weight). Therefore they concluded that by increasing the interval between 
stunning and bleeding the amount of blood collected was significantly reduced. They also 
found a trend for heavier spleen weights in heifers that were decapitated 6 min after stunning, 
what suggested that part of the blood that was not removed earlier postmortem remained in 
this organ. In a study where the amount of blood lost at exsanguination was investigated in 
sheep carcasses, it was suggested by Warriss and Leach (1978) that the highest concentration 
of residual blood is retained in the spleen when more blood than normal is retained in the 
carcass. 
Other studies have shown how an increase in the time interval between stunning and 
exsanguination could lead to the appearance of blood splashes. Burston et al. ( 1983) studied 
the effects of stunning method and time interval between stunning and exsanguination on 
blood splashing. On their first study the carcasses were assigned to either a short time 
interval (18.5 s) between stunning and bleeding or a long time interval (144.7 s). Carcasses 
from both treatments were immobilized using a captive bolt stunner. In their second study 
they used either captive bolt stunning or electrical stunning with either a short or a delayed 
interval between stunning and bleeding. They found that by increasing the interval between 
stunning and exsaguination, the blood splashing scores from the ham, loin and shoulder 
muscles increased significantly. Captive bolt stunning had longer kicking times after 
stunning and softer lighter colored gluteus medius muscle than electrically stunned pigs. Pigs 
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from the Captive bold-Delayed group had more blood splashes in the fresh ham face and 
cured ham than pigs in the other three treatments (Burston et al., 1983). 
Hair Removal 
The scalding process is used to remove hair from pork carcasses (Van der Wal et al., 
1993). The most common scalding process consists of immersing the carcasses in a water 
tank, where the water temperature is about 60°C with a scalding duration that ranges from 
2.5 to 8 min (Van der Wal et al., 1993). Temperatures of 70°C have also been reported 
(Sorqvist and Danielsson-Tham, 1990). After slaughter, the temperature of the carcass 
increases due to metabolic changes, and scalding also adds energy in the form of heat to the 
carcass (Maribo et al., 1998). 
The hairs of pigs are usually arranged in groups of 3, where the main hair is the 
largest. However, the number of hairs in a group can vary from 1 to groups of 4 to 6 and 
where each group of hairs are separated by dense collagenous fibers (Fowler & Calhoun, 
1964). Since the hair follicles of hogs are relatively large, the hair grows so large in cross-
section that they are usually called bristles. 
Van der Wal el al. (1993) reported that a scalding duration of 3.5 min was insufficient 
to allow an adequate dehairing and he stated that a scalding duration of at least 5.5 to 7.5 min 
produced acceptable dehairing results, with the exception of autumn season hair, which 
required a scalding duration of 9 min. Van der Wal et al. (1986) also found that 
subcutaneous temperatures were strongly related to scalding duration, but he determined that 
this increase in temperature could be eliminated quickly after scalding and singeing are 
finished. 
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It has been reported that scalding is a better technique for hair removal than singeing. 
Monin et al. (1995) reported that carcasses that were singed appeared to have higher yields 
than carcasses that were scalded. However, they didn't find any differences in temperatures, 
pH declines or ham curing ability. In their study they found that singeing appear to produce 
meat that had slightly better quality than the carcasses that were scalded. Monin et al. (1995) 
also determined that chilling losses were slightly higher for the carcasses that were scalded. 
They hypothesized that this was because there was as a less impermeable incidence to 
evaporation when carcasses were singed. By removing the hair by scalding, small holes are 
formed in the superficial layers of the skin, allowing the heat to be removed easier, and that 
in the case of singeing the hair is cut superficially, not allowing these holes to be formed. 
Troeger and Woltersdorf (1987) stated that carcasses that are dehided have a hygienic 
advantage over the carcasses that are scalded and they reported that higher bacterial counts 
were found in the carcasses that were scalded. They also reported an increase in color and 
water holding capacity in the carcasses that were dehided. The differences in color and water 
holding capacity were mainly observed in the M. biceps femoris and in the loin. 
One of the disadvantages of scalding is that the carcasses are immersed in the same 
water, which will become polluted and will contaminate the lungs and the exterior of the 
carcasses (Sorqvist and Danielsson-Tham, 1990). It has also been found that the water can 
also enter the sticking wound and can spread via the blood vascular system to the rest of the 
carcass (Sorqvist and Danielson-Tham, 1990, Jones et al., 1979, Jones et al., 1984). It has 
been reported that carcasses have been contaminated with pathogenic bacteria such as 
campylobacter, salmonellae and yersiniae (Sorqvist and Danielsson-Tham, 1990). Therefore, 
a study by Sorqvist and Danielson-Tham (1990) was realized to evaluate the possibility of 
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Campylobacter-, Salmonella- and Y ersinia spp. surviving in scalding water. Although they 
found that bacteria could be transmitted via scalding water, they suggested that fecal 
contamination is a more serious issue that occurs during slaughtering procedures. Therefore, 
to avoid scalding water contamination they suggested that a water temperature of less than 
62°C should not be used, since at this temperature bacterial counts are significantly reduced. 
In the Sorqvist and Danielson-Tham (1990) study as well as in other studies it has been 
corroborated that gram-negative bacteria can only survive when the temperature of the 
scalding water is 60°C or lower. 
One of the changes that occurs during scalding is a shrinkage of the collagen of the 
whole corium at a particular temperature/time relationship, resulting in the outer covering of 
the root splitting and therefore, allowing the hair to be removed efficiently (Snijders, 1975). 
Since during the dehairing process the root and the hair are removed together, it is of great 
importance to remove all the hair thoroughly during this step. Although the carcass is shaved 
after this, the root will remain in the skin and will become noticeable when the water is 
evaporated from the corium (Snijders, 1975). The corium, also known as dermis, is the deep 
layer of mucous membranes below the epidermis. The epidermis is the outer layer of the skin 
and is characterized by a high degree of elasticity (Trautmann & Fiebiger, 1957). 
Chilling 
The chilling practices that are applied to the carcasses early postmortem can have a 
large effect on pork quality. Leman (1994) estimates that chilling practices account from 20 
to 40% of the variation in PSE. 
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Chilling can influence color, water holding capacity and tenderness (Huff-Lonergan 
et al., 2001 ). Early chilling can reduce evaporative loss, drip loss and can inhibit the growth 
of spoilage organisms (Iversen et al., 1995). Chilling at a very early time postmortem can 
have negative effects on tenderness (Huff-Lonergan et al., 2001), produced by the 
destabilization of the calcium stores that allow calcium to be released and signal the muscle 
to contract (Huff-Lonergan et al. 2001). Although cold shortening is a common problem in 
beef and lamb, it has also been observed in pig muscles, where the muscle cold-contracts 
forcefully at lower temperatures than temperatures observed in beef muscles (Moller and 
Vestergaard, 1987). Cold shortening occurs when carcasses are chilled rapidly, and the high 
levels of ATP allow the muscle to irreversible contract. Moller and Vestergaard (1987) 
showed that chilling to a temperature below 10°C in excised pork samples (LD muscle) that 
have a pH of 6 or higher could induce cold shortening. They also found that the LD from the 
high pH excised samples was significantly tougher than the excised samples that had lower 
pHs. On the other hand Moller and Vestergaard (1987) also found that when the muscles of 
the LD remained in the carcass during the rigor process, shortening of sarcomeres and the 
increase in Wamer-Bratzler values were greatly reduced. 
Van der Wal et al. ( 1994) reported that when carcasses are chilled using accelerated 
chilling at -30°C for a period of 30 min, weight losses are less when compared to 
conventional chilling at 4°C. Van der Wal et al. (1994) also demonstrated that water holding 
capacity, color, cooking loss and marbling were not affected by accelerated chilling. They 
also suggested that cold shortening could occur as a result of accelerated chilling, which 
would result in higher W-B shear forces. Several approaches in improving meat quality have 
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suggested that rapid chilling may aid in decreasing the rate of pH decline (Maribo et al., 
1998) and may improve water holding capacity of pork (McFarlane and Unruh, 1996). 
A study by Springer et al. (2003), demonstrated that accelerated chilling improved 
loin visual color, texture and firmness. In this study, carcasses were chilled either by a 
conventional chill at 2°C or by accelerated chill at -32°C for a period of time of 60, 90, 120, 
or 150 min. It was demonstrated that the carcasses that received accelerated chilling had 
lower loin L values as well as a reduction in the incidence of undesirable texture and 
firmness. Springer et al. (2003) concluded that an accelerated chilling duration of 90 minutes 
did improve some quality attributes, but he concluded that an accelerated duration of more 
than 90 minutes (120 and 150 min) did not result in a substantial increase of loin muscle 
color, texture or firmness. 
It is strongly recommended that carcasses are eviscerated at least 20 mm after 
exsanguination and that carcasses enter the chiller after 45 min of stunning (D'Souza et al., 
1998, Maynard and Warner, 1996). D'Souza et al. (1998) stated that delays in carcass 
evisceration could result in inferior pork quality. In this study, the carcasses that had a 
delayed processing rate entered the chiller at 70 min postmortem while the carcasses that had 
no delay in processing rate entered the cooler at 45 minutes postmortem. Carcasses in the 
normal processing rate were eviscerated and split before entering the chiller ( 45 min post-
slaughter), while the carcasses that were processed with delays were left hanging on the 
slaughter line for approximately 20 min and after that time they were eviscerated and split 
before entering the chillers (70 min post-slaughter). D'Souza et al. (1998) reported that the 
amount of muscle glycogen in the longissimus thoracis and in the biceps femoris at 5 min, 45 
min, 70 min and 24 hr post-slaughter, was significantly lower in the carcasses that were 
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processed with delays when compared to the amount of muscle glycogen that was observed 
in the carcasses that were immediately processed and chilled. A lower amount of glycogen 
indicates an increased post-slaughter muscle metabolism. Additionally, delayed carcasses 
resulted in a paler color than the carcasses that had no delay in processing rate. Therefore, 
D'Souza et al. (1998) stated that delays in carcass evisceration could affect pork quality and 
result in paler meat. 
Taylor and Dant (1971) also reported that quicker cooling was effective in reducing 
drip. The two procedures used to chill the carcasses were a quick cooling procedure where 
the carcasses were placed in a chill room at 0°C and a slow cooling procedure where the 
carcasses were held at 20°C for a period of time of 6 hours, after which time the carcasses 
were stored in the same cooling room as the quick cooling carcasses. Taylor and Dant (1971) 
found that the carcasses that received quick cooling accompanied by a slow pH decline had 
minimum drip losses and the carcasses that had a pH below 5.9 at 90 min postmortem had 
meat that was visibly watery. In this study it was concluded that the rate of carcass cooling 
had a direct bearing on drip loss, since the carcasses that were quickly cooled appeared to 
have lower drip losses than the carcasses that were slowly cooled. 
Milligan et al. (1998), reported that carcasses that received accelerated chilling in a 
blast freezer for 100 min at -32°C had higher muscle pH from 4.5 to 24 h postmortem and 
had better loin quality (lower L values and better visual quality) than carcasses that received 
conventional chilling at 2°C. All carcasses received either conventional or accelerated 
chilling immediately after dressing procedures were performed. Carcasses that received 
accelerated chilling had lower temperature than conventional chilled carcasses at all times 
after accelerated chilling was applied. It was found that loins from accelerated chilled 
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carcasses resulted in almost fifty percent less the acceptable loins from the conventional 
chilled treatment. Accelerated chilling also reduced the incidence of unacceptable firmness 
and wetness scores. It was concluded that accelerated chilling results in higher muscle pH 
during the time at which temperature of the muscle is still high (1-3 h postmortem), when 
most proteins are more likely to denature. Likewise, Maribo et al. (1998) found that carcasses 
that received an early cooling treatment after slaughter, had a reduced rate of the pH fall (LD 
and BF) and had higher pH from 2 to 6 h postmortem. Carcasses in this group were cooled at 
30 min postmortem by showering with cold water (10-12°C) for 12 minutes. Early cooling 
postmortem also resulted in lower temperatures in the longissimus dorsi and biceps femoris. 
The pigs in the control group entered the cooler with a 12 minutes delay as the early cooling 
pigs. Meat quality parameters were not significantly affected by cooling treatment. However, 
there was a tendency for lower drip losses (longissimus dorsi and biceps femoris) in the 
carcasses that received accelerated chilling. Hambrecht et al. (2004), found no significant 
differences in pH in the longissimus lumborum muscle between conventionally chilled 
carcasses (4°C until 22 h postmortem) and carcasses that were rapid chilled (three-phase 
chilling tunnel: -15, -10, and -1°C for 15, 38, and 38 min, respectively, followed by storage 
at 4°C until 22 h postmortem). Carcasses were assigned to either a minimal or a high 
preslaughter stress treatment and carcasses within the same preslaughter stress were then 
allocated in groups of six to either the conventional or the rapid chilling treatment. All 
carcasses received the chilling treatment at 45 min postmortem. Lower pH at exsanguination 
was observed in pigs from the high stress group. A higher rate of pH decline, higher L values 
and electrical conductivity were observed in the carcasses that received the high preslaughter 
stress. When compared to minimal pre-slaughter stress, high preslaughter stress also 
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increased the 24 h and the 48 h drip loss percentages. Accelerated chilling resulted in an 
improvement in electrical conductivity (lower) when compared to conventional chilling. 
Although an improvement in meat quality was observed in the rapid chilled carcasses, it was 
concluded that chilling could not compensate for the detrimental effects produced by 
inadequate pre-slaughter stress. 
Quality Attributes 
Color 
Color is defined by Honikel (1998) as the visual characteristic of meat that gives the 
critical first impression that can be measured subjectively and instrumentally. Honikel (1998) 
also mentioned that the most common sources of color variation in meat are: 
1. The amount of myoglobin in the muscle which can vary according to breed, age and 
nutritional status of the animal. 
2. Pre-slaughter handling, handling during the slaughter process and subsequent 
processing, what would directly affect the rate and extent of pH and temperature 
decline. 
3. Oxygenation and oxidation of meat during display and storage. 
Pork color can be affected by pigment content (myoglobin) (Lindahl et al., 2001), the 
chemical form or oxidation of the pigment (purple-red myoglobin, cherry-red oxymyoglobin, 
grey-brown metmyoglobin) (Lindahl et al., 2001; Van Oeckel et al., 1999), the postmortem 
glycolysis rate (Van Oeckel et al., 1999), the meat structure (Lindahl et al., 2001), the 
intramuscular fat content (Van Oeckel et al., 1999) and it can also vary between pig breeds 
(Lindahl et al., 2001; Warris, Brown, Adams, and Lowe, 1990). Another factor that can 
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influence pork color is the metabolic type of the muscle (Lindahl et al., 2001; Beecher, 
Kastenschmidt, Hoekstra, Cassens, and Briskey, 1969), which varies within the animal. The 
rectus femoris and the deep part of the biceps femoris are red oxidative muscles that have a 
greater content of myoglobin and therefore are redder than white glycolytic muscles like the 
longissimus dorsi or the gluteus medius (Lindahl et al., 2001 ). When the pH of meat declines 
during postmortem glycolysis the internal reflectance and lightness of the meat increase, the 
penetration depth of light decreases and changes in the selective light absorption are 
produced (Lindahl, et al. 2001; Bendall and Swatland, 1988; Joo, Jauffmann, Kim, and Park, 
1999; Feldhusen, 1994). Likewise, Van Oeckel et al. (1999) explained that glycolysis affects 
muscle color when the pH of the muscle declines towards the isoelectric point of the muscle 
proteins, resulting in intermyofibrillar gaps that are widened. The widening of these gaps 
results in transmittance of the muscle to decreased, increasing the light scattering in meat 
(Van Oeckel et al., 1999). In a study by Lindahl et al. (2001), it was demonstrated that the 
biceps femoris muscles from Hampshire pigs were darker than the biceps femoris from 
Swedish Landrace and Swedish Y orshire pigs. The color of the biceps femoris muscle was 
also darker than the longissimus dorsi muscle for all breeds. Lidahl et al. (2001) stated that 
these differences in color could be the result of the pigment content, myoglobin forms and 
internal reflectance, where pigment content and myoglobin forms would effect the L and a 
values, while b values are mostly affected by the myoglobin forms and to a lesser extent by 
the internal reflectance. 
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Water Holding Capacity 
Water accounts for approximately 75% of fresh meat. Though, this quantity can vary 
depending on the gains that occur during processing. The majority of the water present in 
meat is present within the myofibrils in the spaces between the thick and thin filaments 
(Offer and Trinick, 1983). 
Honikel (1998) explained that the loss of water in muscle occurs due to changes in 
the volume of myofibrils that are induced by the pH decline that occurs during the pre-rigor 
period when the myofibrils shrink. Honikel (1998) explains that when the fluid is expelled it 
will accumulate between the fibre bundles. 
After exsanguination the pH of meat declines from 7 to about 5.5-5.8 in normal 
muscle. This decrease in the pH results in certain proteins becoming denatured, producing a 
loss in the water holding capacity of meat. Denaturation of myofibrillar proteins, especially 
myosin, produces a decrease in the WHC of meat. Denaturation results in shrinkage of the 
myosin heads, which produces a reduction in filament spacing (Wilson and Van Laack, 
1999). 
Drip losses in PSE meat are produced by a reduction in the filament lattice spacing, 
therefore, producing an increase in drip loss (Offer, 1991). Offer (1991) also states that when 
temperatures are high, which would be the case in PSE meat, myosin heads reduce in size 
from 19 nm to 17 nm, drawing the thick and thin filaments together and expelling water in 
the process. It is believed that when myosin is denatured, an increase in drip loss is observed 
(Offer, 1991). Drip losses postmortem occur when the temperature of the carcass is high and 
the pH is low, leading to denaturation of myofibrillar and sarcoplasmic proteins. This process 
produces defects in the membranes and around the myofibrillar bundles. Shrinkage of the 
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filamentous net in the muscle is also caused by denaturation of proteins, which will result in 
drip loss from fluid that accumulates between the muscle fiber bundles (Maribo et al., 1998). 
One of the first changes that occurs in postmortem muscle is a decrease in its water 
holding capacity. However, after subsequent aging, an increase in the water holding capacity 
has been observed. Kristensen et al. (2001) hypothesized that the increase in the water 
holding capacity at a later time postmortem could be the result of the degradation of the 
cytoskeleton. The cytoskeleton is defined by Kristensen et al. (2001) as a complex of large 
number of connections between myofibrils and between myofibrils and the sarcolemma. 
When the cytoskeleton is degraded, some inter-myofibrillar and costameric connections are 
removed, and therefore, the linkage between the rigor-induced lateral shrinkage of myofibrils 
and the shrinkage of the whole musce fiber is reduced or eliminated. During the onset of 
rigor, the difference in pressure between intra- and extracellular water compartments that 
resulted during the contraction process, are equalized slowly by water that flows from intra-
to extracellular water compartments and the water is expelled until the difference in pressure 
is equalized (Kristensen and Purslow, 2001). The cytoskeleton gives strength to the cell and 
integrates forces of contraction. Although some of the sarcoplasmic proteins are lost during 
drip formation, the remaining sarcoplasmic proteins, maintain the driving force for the inflow 
of extracellular water during storage of meat. Kristensen and Purslow (2000) explain that 
during the contraction of muscle, postmortem shrinkage of the myofibrils occurs producing 
that the whole muscle cell shrinks and producing that water from the cell is expelled. The 
degradation of cytoskeletal conection produces that the shrinkage of the muscle cell is 
diminished producing an inflow of extracellular water to the muscle cell. The difference in 
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protein concentration between intra and extracellular compartments might cause the inflow 
of water in to the muscle cell. 
Penny (1977) demonstrated that by decreasing the temperature postmortem 
(temperature ranged from 10° to 37°C), drip losses could be reduced in pork. When carcasses 
were stored at 10°C throughout a period of 24 hours, drip losses were small, but when the 
temperatures increased drip losses also did. He also found that drip losses where higher in the 
carcasses that had lower pH. Penny stated that some of the sarcoplasmic fluid, transferred to 
the extracellular space between fibres, influences the amount of drip. Penny (1977) found 
that the extracellular space increases with time and temperature until about 25% of space is 
reached, and therefore, the increase in extracellular space produces an increase in drip loss. 
On the other hand he also mentioned that when the samples were stored at a lower 
temperature than 37°C (20-30°C) the increase in extracellular space was the reason for an 
increase in drip loss, but when the samples were stored at higher temperatures, denaturation 
of proteins played a very important role. 
Schafer et al. (2002) showed that degradation of desmin, vinculin and talin lead to an 
improvement in water holding capacity. However, they found that at very early time 
postmortem (3 h) degradation of desmin did not occur and that at 6 h postmortem the 48, 45, 
41 and 39 kDa started to appear in some of their samples. These kDa products are bands that 
migrate between the 53 kDa polypeptide, which is the level of intact desmin, and the 38 kDa 
band. Migration of bands occurs when protein degradation has occurred resulting in lower 
kDa products. They also observed that at 9 h postmortem the 53 kDa band accounted from 72 
to 100% of the western-blot bands, and at day 1 the 53 kDa band represented only 85 ± 14% 
of the total immuno labeled protein. 
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Melody et al. (2004) demonstrated that the psoas major muscle had more degradation 
of desmin than other muscles at 45 min and 6 h postmortem (longissimus dorsi and 
semimembranosus). Melody et al. (2004) showed that the psoas major had lower average 
drip loss than the longissimus dorsi after 24 h of storage and lower drip loss than the 
longissimus dorsi and semimembranosus muscles after 96 h of storage. Melody et al. (2004) 
explained that the variation in drip losses among muscles could be a result of the differences 
in postmortem degradation of desmin. 
Tenderness 
Tenderness is one of the attributes that are considered by consumers when purchasing 
any meat product. It is known that the process of postmortem tenderization is more rapid in 
pork than in beef (Melody et al., 2004; Koohmaraie et al., 1991 ). Variation in tenderness is a 
common challenge in the meat industry that is often the result of postmortem handling and/or 
handling during processing (Wheeler and Koohmaraie, 1994; Morgan et al., 1991). 
Pork tenderness improvement in the longissimus dorsi (LD) can be achieved by 
suspending the carcass from the pelvic bone, since it allows the muscle to stretch and reduces 
the tension of some muscles (Moller and Vestergaard, 1987). Wheeler et al. (2000) 
demonstrated how tenderness varies among pork muscles. They found that the 
semitendinosus muscle and the triceps branchii appeared to have the highest tenderness 
scores, followed by the longissimus, and then by the semimembranosus muscle. The muscle 
that appeared to have the lowest scores was the biceps femoris. It was also demonstrated that 
tenderness varied most in the longissimus muscle that in any other muscle (Wheeler et al., 
2000). Sarcomere length, collagen content, and proteolysis of muscles could explain 72% of 
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the variation in tenderness (Wheeler et al., 2000). Some of the factors that have been reported 
to produce variation in tenderness among muscles include sarcomere length, connective 
tissue content, and sensitivity of muscle structural proteins to proteolysis (Illian et al., 2001, 
Koohmaraie et al., 1988, Wheeler and Koohmaraie, 1999, Seideman et al., 1989). Wheeler 
and Koohmaraie (1994) showed that at the time of slaughter, meat tenderness (evaluated in 
the longissimus thoracis et lumborum of sheep) has an intermediate level. During rigor 
shortening meat becomes less tender, but after 14 d postmortem, proteolysis produces that 
meat becomes more tender (Wheeler and Koohmaraie, 1994). The main factors that have 
been shown to produce variation in tenderness are; muscle fiber degradation, muscle fiber 
contractile state (influence of the actomyosin complex), connective tissue content and the 
amount of intramuscular fat or marbling (Miller et al., 1996). According to the National Beef 
Tenderness Survey the main variations in tenderness were due to management differences 
among regions or breed type differences, postmortem conditions and handling practices 
(aging), shift from roasts to steaks and more single-muscle cuts (Miller et al., 1996). 
In a study by Melody et al. (2004) it was reported that the differences in the 
myofibrillar/cytoskeletal protein degradation were reflected in the differences observed in 
tenderness between the longissimus dorsi and psoas major muscle at 24 hours postmortem. In 
this study it was suggested that the lower pH that was observed at 45 min postmortem could 
have produced earlier activation and more rapid loss of µ-calpain activity at 6 h postmortem. 
In this study it was also demonstrated that higher calpastatin activity was associated with 
higher Wamer-Bratzler shear force values. Melody et al. (2004) also found that desmin was 
more degraded in the LD than in any other muscle at 48 hand at 120 h postmortem. In the 
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present study it was observed that degradation of titin and desmin occurred at an earlier time 
postmortem in the psoas major than in the semimembranosus and/or the psoas major. They 
also showed that degradation of troponin-T was greater in the longissmus dorsi than in the 
psoas major muscle. Therefore, they explained that the higher degradation of desmin and 
troponin-T might have influenced the differences observed in Warner Bratzler shear forces 
observed between the longissimus dorsi and semimembranosus at 48 and 120 h postmortem. 
It was also stated that the rate of pH decline during the first 6 h of exsanguination could have 
affected the activity of µ-calpain activity. In agreement with these results, Lonergan et al. 
(2001) showed that beef loins that had higher calpastatin activity, had higher Warner-Bratzler 
shear force and had less degradation of troponin-T. 
Collagen plays also a very important role in meat tenderness. Collagen's tensile 
strength has been attributed to the formation of intermolecular cross-links within the fiber 
(Bailey, 1989). The distribution of collagen varies among skeletal muscles, where the 
muscles of limbs contain more collagen than the muscles that surround the spinal cord. The 
lower collagen content results in these muscles being more tender (Aberle et al., 2001). 
It has been shown how almost 82% of all postmortem tenderization in beef occurs 
during the first 3 days postmortem (Taylor et al., 1995). The degradation of meat proteins at 
an early time postmortem lead to tenderization of meat (Ilian et al., 2003). In a study of Ilian 
et al. (2003) it was found that desmin degradation was related to tenderization, which was 
associated with the breakdown of myofibrillar linkage proteins. 
The cal pains are responsible for many of the proteolytic changes that occur as meat is 
aged (Huff-lonergan et al., 1996). The degradation of specific myofibrillar linkage proteins 
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can occur at low pH and temperature as µ-calpain still retains some activity at the pH and 
temperature of postmortem muscle (Huff-Lonergan et al., 1996). The calpain system is 
mainly composed of three molecules: two Ca2+ dependent proteases, µ-calpain, m-calpain 
and the polypeptide calpastatin (Goll et al., 2003). It is believed that the main function of 
calpastatin is to inhibit µ-calpain and m-calpain (Gollet al., 2003). The activity of calpastatin 
is pH dependent and the rate at which meat is tenderized depends on the initial activity of 
calpastatin in the muscle (Geesink and Koohmaraie, 1999). It has been reported that the 
activity ratio of µ-calpain: calpastatin in pork logissimus dorsi is 1: 1.5 (Geesink and 
Koohmaraie, 1999). Therefore, the activity of calpastatin in meat is an indicator of the 
potential for the product to become tender. The activity of µ-calpain is regulated by 
calpastatin and by the ionic strength of µ-calpain (Geesink and Koohmaraie, 1999). Among 
other factors that can affect the stability of µ-calpain are temperature, pH, the presence of 
Ca2+, calpastatin and substrates. The enzyme µ-calpain, besides degrading several 
myofibrillar and other structural proteins, can also autolyze (the mechanism of inactivation) 
upon activation by calcium (Geesink and Koohmaraie, 2000). Data indicates that high 
activity of calpastatin in the longissimus muscle at 24 hours postmortem tends to produce 
steaks that have higher Warner-Bratzler shear forces (Miller et al., 1996). 
Huff-Lonergan et al. (1996) demonstrated that µ-calpain retained activity postmortem 
producing the degradation of several mucle proteins including titin, nebulin, filamin, desmin 
and troponin-T. Huff-Lonergan et al. (1996) also demonstrated that tenderness was related to 
degradation of these proteins and showed that intact titin and nebulin disappeared at earlier 
times in the samples that had significantly lower shear force values. The disappearance of 
nebulin occurred faster than the disappearance of titin. Degradation of desmin, filamin and 
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troponin-T were also greater in the samples that had lower shear force values, where 
degradation of troponin-T appeared to be closely related to the lower Wamer-Bratzler shear 
force values. It is likely that the improvement in tenderness produced by filamin degradation 
occurs due to the disruption of key linkages that hold myofibrils in lateral register or due to 
the weakening of interactions between peripheral myofibrilar Z-disks and the sarcolemma 
(Huff-Lonergan et al., 1996). Huff-Lonergan et al. (1996) explained that filamin degradation 
could produce meat tenderization, since one of its main functions is to maintain the overall 
structural integrity of the myofibril. Degradation of nebulin could cause the thin filaments at 
the Z-line and the filaments near the I-band to become weakened, hence, resulting in 
tenderization of meat. Degradation of desmin has shown to be related to meat tenderization 
(Kristensen et al., 2001, Melody et al. 2003). Huff-Lonergan et al. (1996) hypothesized that 
when desmin is degraded, the structural elements that connect the myofibrils to each other 
are degraded as well as the linkages between the peripheral layer of myofibrils and the cell 
membrane. Therefore, tenderness is improved when the lateral register and the integrity of 
the myofibrils are disrupted, and when the attachments of the peripheral layer of myofibril to 
the sarcolemma are also disrupted (Huff-Lonergan et al., 1996). Likewise, Young et al., 
(1980-81) explains that when intermediate filaments degrade, the separation of myofibrils is 
facilitated, producing that the lateral strength of meat is weakened and therefore, improving 
meat tenderization. Since troponin-T is an integral part of the thin filaments of skeletal 
muscle, it is believed that its degradation could disrupt the thin filaments in the I-band, and 
therefore, produce the fragmentation of the myofibril, affecting the overall muscle integrity 
(Huff-Lonergan et al., 1996). It is also stated that since troponin-T is very susceptible to 
degradation, its degradation may be an indicator of the overall amount of degradation that 
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has occurred (Huff-Lonergan et al., 1996). Therefore, it was demonstrated that µ-calpain 
plays an important role in the degradation of muscle proteins producing meat tenderization. 
Taylor et al. (1995) questioned if Z-disk degradation was involved in meat 
tenderization as suggested by others. However, it was concluded that it wasn't the 
degradation of the Z-disk itself what plays an essential role in meat tenderization during the 
first 72 to 96 h postmortem but the weakening of the interaction between the thin filament 
and the Z-disk, along with the degradation of other intermyofibrillar linkages (Taylor et al., 
1995). During aging of meat (3 or 4 d PM@ 4°C), filamentous structures that link adjacent 
myofbrils laterally at the level of the Z-disk, are degraded. Among the proteins that compose 
these filamentous structures and that are easily degraded by calpains are nebulin, titin, 
desmin, vinculin and dystrophin. However, titin and nebulin do not link adjacent myofibrils 
(Taylor et al., 1995). The proteins nebulin and titin form part of the N2 lines. Desmin is 
composed of filaments linking adjacent myofibrils. Desmin along with vinculin and 
dystrophin are three of the six to eight (probably more) proteins that constitute the 
costameres (Taylor et al., 1995). Desmin, nebulin, titin, and vinculin are mostly degraded 
within 3 d PM in bovine semimembranosus muscle (Taylor et al., 1995). The density of the 
degradation product of troponin-T, the 30kDa product, is related to ultimate tenderness 
(McBride and Parrish, 1977, Taylor et al., 1995). It has been observed that degradation of 
the Z-disk at 3 d postmortem, which is the time when most tenderization occurs, is minimal 
or nearly absent (Taylor et al., 1995). Therefore, and since a-actinin and actin compose most 
of the Z-disk, their degradation would be associated with the degradation of the Z-disk. 
However, degradation of these proteins does not occur until after 7 to 10 d postmortem 
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(Taylor et al., 1995). One method that has been broadly used to determine the fragmentation 
of the myofibril in postmortem muscle is the myofibril fragmentation index (MFI), which 
measures the average length of myofibrils. Shorter myofibrils are significantly related to 
higher MFI, and result in greater tenderness (Taylor et al., 1995). It has been suggested that 
myofibrils are shortened as a result of the weakening that occurs due to postmortem storage 
producing that the myofibrils are more easily broken into short fragments by homogenization 
(Taylor et al., 1995). The degradation of costameres, which are the filamentous structures 
that link myofibrils to the sarcolemma, can weaken the muscle structure resulting in 
improved tenderness. Since the costameres are located at the surface of the muscle cell, the 
costameres along with the N1 lines are rapidly degraded during the first 24 to 72 h 
postmortem, which is consistent with the time when most tenderization occurs (Taylor et al., 
1995). Taylor et al. (1995) found that more than half of the total desmin and vinculin were 
degraded in bovine semitendinosus muscle between 24 and 72 h postmortem, consistent with 
the time when most tenderization occurs. They also suggested that degradation of titin and 
nebulin can also improve tenderness, since these two proteins are primarily located at the N2 
line, which is one of the first units to be degraded by the cal pain, and they found that 25% of 
nebulin in the biceps femoris and in the semitendinosus was degraded after 1 d postmortem 
and that titin was totally degraded by 72 h after death. They mentioned that degradation of 
desmin, nebulin, titin, and vinculin would contribute to an improve in tenderness that would 
start immediately after slaughter until after 4 to 6 days postmortem. Therefore, it was 
concluded that the calpain system plays a very important role in the tenderization of meat, 
since the costameres and other intermyofibrillar linkages are degraded, what at the same 
time, produces that the thin filament/Z-disk interaction is degraded. 
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Summary 
Changes that occur during the conversion of muscle to meat are considered to play an 
important role in color, texture and water holding capacity. The manipulation of the 
processing time at an early time postmortem is one approach to optimize pork quality. It is of 
great importance to have an acceptable pH decline that would result in acceptable pork 
quality. Minimizing the scalding duration in combination with early entry into the cooler 
would result in a reduced processing duration that could improve color and water holding 
capacity. Better pork quality would be expected as a result of a more efficient and rapid 
chilling and a reduced processing duration. 
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THE EFFECTS OF DURATION OF PROCESSING ON PORK QUALITY 
A paper to be submitted to the journal of Meat Science 
G. Ch. Mendez1, E. Huff-Lonergan2, J. 0. Matthews3, C. M. Schultz-Kaster3, 
S. M. Lonergan2' 4 
Abstract 
The objective of this study was to determine the impact of duration of processing on 
pork loin color, water holding capacity and texture. Commercial pigs (n=655) were 
slaughtered at a commercial processing facility on two separate days one week apart. Pigs 
were harvested and assigned to scald duration treatment groups of 7.6 or 5.6 min. As a 
consequence of a shorter processing time, carcasses entered the blast cooler 5 min earlier 
than the conventional scald treatment. Loin quality traits measured included pH, temperature, 
color, drip loss, purge loss, color, star probe values, and desmin degradation. The longer 
duration of processing resulted in lower loin pH as carcasses exited the cooler (P<0.01). The 
longer duration of processing produced pork loins with greater drip loss and greater L *values 
(P<0.05). These data suggest that shortening the duration of scalding, coupled with earlier 
entry in the cooler, had no detrimental effects on pork quality and may improve pork color 
and water holding capacity. 
Keywords: Chilling, meat quality, pork, scalding duration 
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1. Introduction 
Texture, color, and water holding capacity are among the most important 
characteristics that determine the quality of meat. Therefore, one of the main concerns in the 
meat industry is to maintain and ultimately improve these characteristics to fulfill the visual 
and palatability expectations of the consumer. There are many factors that affect these 
characteristics. These include genetics, nutrition, on-farm and transport handling, stunning, 
chilling, processing and packaging (Meisinger, 2002). 
Four major palatability attributes that are essential when determining the consumer 
acceptability of fresh meat include tenderness, juiciness, water holding capacity, flavor and 
color. Meat proteins, peptides and lipid composition play an essential role in flavor (Spanier 
et al., 2004). Color is affected by pigment and postmortem glycolysis rate (Van Oeckel, 
Warnants & Boucque, 1999). Rapid glycolysis can cause severe denaturation of myoglobin 
(Huff-Lonergan & Page, 2001), resulting in a pale color in the muscle. Some of the main 
determinants of meat tenderness and juiciness include the postmortem events that lead to 
degradation and denaturation of certain proteins (Melody, Lonergan, Rowe, Huiatt, Mayes & 
Huff-Lonergan, 2004; Huff-Lonergan, Parrish & Robson, 1995). For example degradation of 
desmin and troponin-T is associated with improved tenderness and may influence water 
holding capacity of meat (Melody et al., 2004). 
Tenderness, water holding capacity, and color are influenced by physiological 
changes occurring during conversion of muscle to meat. These include the production and 
accumulation of lactic acid that reduces the pH in muscle and the rise in muscle temperature 
occurring after exsanguination. Proper transport, pre-slaughter handling, and post-slaughter 
62 
handling should be achieved in order to avoid a rapid glycolysis (PSE pork) or a long term 
glycogen depletion, which would result in a negative effect in water holding capacity and/or 
color (Meisinger, 2002). 
Gardner, Huff-Lonergan, Rowe, Schultz-Kaster and Lonergan (2004), showed that an 
increase in scald duration tended to produce lower loin pH values at 45 min, 2 h and 4 h. Pale 
color and poor water holding capacity were associated with low pH values. Several studies 
have shown a decrease in the temperature early postmortem can reduce the rate of pH decline 
(Longissimus dorsi and biceps femoris ), and improve other meat quality traits (Maribo, 
Olsen, Barton-Gade, Moller and Karlsson, 1998a; Springer, Carr, Ramsey and Miller, 2003). 
Therefore, the objective of this study was to determine the impact of a shorter scalding time 
and earlier chilling on pork color and water holding capacity. 
2. Materials and Methods 
2.1 Slaughter 
Six hundred and fifty five commercial pigs were slaughtered at a commercial facility 
on two separate days one week apart. Pigs were of uniform genetics and had the same diet 
and handling background. Pigs were held in lairage for 2-4 hrs, and food was withheld 
overnight. On the first slaughter day, three hundred and thirty six pigs were harvested and 
carcasses were randomly assigned to treatment groups of 7.6 min (n=161) or 5.6 min 
(n=l 75). The conventional scald time group (7.6 min) was harvested first and the short scald 
time group was harvested 2.5 h later. The procedure was replicated on the second slaughter 
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day (7.6 min scald, n=150; 5.6 min scald, n=169) with the slaughter order of the treatments 
reversed. 
A Butina C02 ( Y dervang 5 - DK-4300, Holbaek, Denmark) anesthetizing system 
was used to immobilize the pigs. After stunning, pigs were shackled by the left hind leg and 
were immediately exsanguinated. The bleed time for each treatment is summarized in 
Table 1. 
2.2 Scalding conditions 
Pigs entered the scalder after exsanguination. Carcasses were immersed in a scalder at 
60°C, where they were completely submerged for either 7.6 min (conventional) or 5.6 min 
(short). Carcasses were singed after exiting the scalding tank and were subsequently 
eviscerated and chilled. Blast (accelerated) chilling was used to chill the carcasses (-320C, 
air movement of 2 m3 , wind chill of -1 OOOC). The carcasses were held in the blast chiller for 
a period of one hour and 30 minutes. After which time they were held in a conventional 
cooler (2°C, air movement 1.2 m3/s) until processed the next day. 
2.3 Temperature and pH 
Temperature was measured at the 6th rib of the M. longissimus dorsi (LD) and pH 
was measured at the last rib of the same muscle of each carcass. pH was determined using a 
Hanna 9025 pH/ORP meter (Hanna Instruments, Woonsocket, RI), which was always 
calibrated at the expected temperature of the carcass. Temperature was measured using Delta 
Trak::;; digital thermometers (Professional Equipment Inc., Huppauge, NY 11788). 
Temperature and pH were collected on line immediately before the carcasses entered the 
blast cooler (35 min PM for the conventional scalding and 30 min PM for the short scald 
treatment) and immediately after the carcasses left the blast cooler. The time postmortem at 
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which the carcasses exited the cooler was 2 hours for the conventional processed carcasses 
and 1 hour and 55 minutes for the short processed carcasses. After the carcasses left the blast 
cooler, they were held in a conventional chiller at 2°C (air movement 1.2 m3/s). Temperature 
and pH of each loin was measured again at 6 h postmortem. The carcasses remained in the 
cooler until 24 h postmortem, after which time the carcasses were fabricated and the most 
representative samples from each group (based on the 2 h pH and temperature) were 
collected. 
2.4 Sample collection & quality attributes 
The 24 h pH, temperature, firmness, color and drip loss were determined on the 
longissimus dorsi of the selected carcasses by trained highly experienced personnel (Table 
1 ). Firmness of the LD was subjectively scored using NPC standards as reference (1 =very 
soft, and 3=very firm). CIE L *a*b* measurements were taken from the outer surface (lean) 
of the LD and from cross-section of the loin between the 10th and 11th rib. Color was 
determined using a Minolta CR-400 Chroma Meter with illuminant C and 28 standard 
observer. Chroma (saturation) and hue angle were obtained as (a*2+b*2)1/2 and arctan b*/a* 
respectively (Little, 1975). Color was also evaluated using the Japanese color standard (JCS) 
system consisting of six plastic discs that ranged from scores of 1 to 6 (1 =pale grey, 6=dark 
purple). JCS were obtained from the outer surface (lean) of the LD and from the cross-
section of the loin between the 10th and 11th rib. Drip loss was determined by placing 
cylindrical cores, obtained from the LD (approximately 1" thick by 1" in diameter), for 
additional 48 hours in cylindrical tubes stored at 40C (Christensen, 2003). Loins were 
vacuumed packaged and were transported to Iowa State University (Table 1 ). 
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Loins were stored at 40C for additional 4 days before final quality evaluation. Purge 
loss of the loins was obtained by measuring the percent weight loss after 5 days of storage 
under atmospheric conditions. Purge loss percentages were calculated as follows: 
(total weight - bag weight) - (loin weight) X 100 
(total weight- bag weight) 
Total weight was the weight of the bag plus the purge and loin. The pH of the loins at 
5 d aging was determined at the center of the loin. Color was determined on two chops (2.54 
cm) per loin and was measured using a calibrated Hunterlab MiniScan (Hunter Associated 
Laboratories Inc.; Reston VA). The chops were allowed to bloom for one hour at 40C. The L, 
a, and b values were measured using illuminant D65, 108 Standard Observer. The average of 
two measurements per chop was determined (four measurements per loin). 
2. 5 Star probe analysis 
To obtain an instrumental evaluation of tenderness, two chops per loin were thawed 
for a period of 40 h at a temperature of 1.40C. The raw weight of the chops was obtained and 
the weight of the cooked chops was also determined to calculate the moisture loss after 
cooking. The pork chops were cooked in a convection oven (Keating of Chicago, INC, 
Chicago ILL.) preheated to 1770C. The temperature of each chop was measured. The chops 
were turned over after they reached an internal temperature of 35°C and were cooked until a 
temperature of 71 °C was reached. After cooking, the chops were allowed to reach room 
temperature (21 OC) and were evaluated for texture analysis using the method described by 
Lonergan and Prusa (2002). A five pointed star probe of 9 mm diameter was used and was 
attached to a TA-XT2i Texture Analyzer (Texture Technologies Corp.; Scarsdale, NY). The 
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peak shear force needed to compress the chop to 80% of the sample height was determined. 
The penetration speed was set at 3mm/s, using a pre-test speed of 3mm/s and a post-test 
speed of lOmm/s. Each chop was punctured 6 times (2 chops per loin) and the average star 
probe value per loin was determined. 
2. 6 Immunodetection of desmin degradation 
SDS-PAGE gel samples were prepared from whole muscle extracts (Huff-Lonergan, 
Mitsuhashi, Beekman, Parrish, Olson and Robson, 1996a) from LD muscles aged for 5 days. 
To evaluate desmin degradation, 30 µg of whole muscle sample were analyzed using 
immunoblotting techniques (Huff-Lonergan et al., 1996a). A 10% polyacrylamide separating 
gel was used (Huff-Lonergan et al., 1996a). A reference sample (30 r:g) from porcine LD 
taken at death was loaded on each gel to use as a reference for the intact portion of desmin. 
The gels were transferred and desmin detection was done as described in Melody et al. 
(2004), using a polyclonal rabbit anti-desmin as a primary antibody (No. V2022; Biomeda, 
Foster City, CA diluted 1:10,000). The secondary antibody used was goat anti-rabbit-HRP 
(No. A9169; Sigma; diluted 1 :5,000). The spot-denso analysis tool from the FluorChem™ 
IS-8800 software (Alpha Innotech, San Leandro, CA) analysis software was used to detect 
labeled protein bands using a sensitive chemiluminescent (ECL Plus kit; Amersham 
Biosciences, Piscataway, NJ) system and using a charged coupled device (CCD) camera 
(FluorChem™ IS-8800; Alpha Innotech Corp.; San Leandro, CA) to analyze the 
densitometric measurements. The intact desmin degradation ratio was obtained by dividing 
the density of the intact desmin band in each sample over the density of the intact desmin 
band in the reference sample. 
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2. 7 Statistical analysis 
The data were analyzed using StatView (PowerPC Version, 1992-1998, SAS Institute Inc.). 
The effect of the processing time on pork quality was analyzed by ANOV A, and correlation 
functions of StatView. Each slaughter day served as a replication in the experiment, using 
two treatments per replication. A full mixed model with a 2x2 completely randomized design 
was used. The factors were date of slaughter and duration of processing. Comparisons were 
made between treatments and between replications. Correlation coefficients were obtained to 
determine the proportion of variance between pork quality attributes. The difference in pH 
decline (i.e. entry cooler pH - exit cooler pH, exit cooler pH - 6 h, 6 h - 24 h, 24 h - 5d pH, 
and exit cooler pH - 5 d pH) was determined. Significance of data and correlations were 
reported at the P<0.05 level. 
3. Results 
Loins from carcasses in the conventional processmg treatment had higher pH 
(P<0.01) as they entered the cooler (~35 min postmortem), but lower pH (P<0.01) at two 
hours postmortem (Table 2). No differences between treatments were observed in pH at any 
other time measured. The conventional processing treatment had a more rapid pH decline 
early postmortem as evidenced by the difference obtained in C>pHExC (P<0.001) (Table 3). 
No decline in pH was observed from 2 h (1:55 min for short processed carcasses) to 6 h 
postmortem in carcasses that were slaughtered on the first slaughter day, and on the second 
slaughter day the pH decline from 2 h to 6 h was greater in the carcasses that were in the 
short processed treatment (Table 3). The slower pH decline in the conventional chilled 
carcasses could be explained by the greater decrease in temperature that was observed in 
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these carcasses during this period of time (8t6). It was noted that the overall pH decline was 
significantly lower for the carcasses in the short processed carcasses (P<0.05) (Table 3). 
Temperature and pH were negatively correlated at two hours postmortem (-0.221, P<0.01) 
(Table 4). This indicates that lower pH values were observed in the carcasses with the highest 
temperatures. An interaction between treatment and replication was also observed (P<O. 01) 
(Table 2) for 2 h pH. 
Significant differences in temperature were observed overall between treatments as 
carcasses exited the cooler, at 6h and 24 h postmortem (P<0.01) (Table 2). No significant 
differences were found between treatments on the first slaughter day as the carcasses exited 
the cooler (P>0.05) (Table 2), but on the second date of slaughter, carcasses in the 
conventional treatment had higher temperatures (P<0.01) (Table 2). Therefore, an interaction 
on temperature was observed between replication and treatment as the carcasses exited the 
cooler (P<0.01) (Table 2). 
Japanese color scores (JCS), obtained from the cross-section of the loin between the 
1 oth and 11th rib, were higher for the short processed carcasses (P<0.05), but no differences 
were found between treatments for the JCS obtained from the outer surface of the loin 
(Table 5). 
No significant differences were found for firmness scores between treatments 
(Table 5). Loins from carcasses processed with conventional protocol had greater drip loss 
compared to loins in short protocol (P<0.01). Purge loss at 5 days postmortem was not 
affected by processing duration (Table 5). 
A negative correlation between drip loss and pH at 6 h (-0.267, P<0.01), 24 h (-0.343, 
P<0.01) and 5 d postmortem (-0.180, P<0.05) was detected (Table 4). Likewise, a negative 
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correlation was found between purge loss and pH taken at 24 h (-0.233, P<0.01) and 5 d 
(-0.174, P<0.05). Therefore a low pH was associated with higher drip losses and higher 
purge losses. This is consistent with Gardner et al. (2004), who found a negative correlation 
between drip loss (1 and 5 days of storage) and loin pH taken at 45 min, 2 h, 4 h, 6 h, and 24 
h. A positive correlation between purge loss and L values at 24 hand 5 d postmortem (0.325, 
P<0.001; 0.485, P<0.001 respectively) was found (Table 4). Likewise, drip losses were 
positively correlated with the L values at 24 h and 5 d postmortem. Therefore, higher drip 
losses and purge losses were associated with lighter pork color. A negative correlation was 
observed between the a values and purge losses and drip losses (-0.222, P<0.01; -0.194, 
P<05) (Table 4). Indicating that higher a values (redder) were associated with lower drip 
losses and purge losses. 
Star probe values were not affected by treatment but were affected by slaughter day, 
resulting in higher star probe values for the second slaughter day (Table 5). Although the 
samples in the conventional processing group tended to have greater star probe values, the 
difference between treatments was not significant (P=0.1 ). There was a trend for a difference 
in desmin degradation between treatments (P=0.06), where more desmin degradation was 
observed in the carcasses that had the short duration of processing (Table 5, Figure 1 ). A 
positive correlation was observed between star probe values and L values at 5 d postmortem 
(0.278, P<0.001). Therefore, paler meat was associated with less tender meat (higher star 
probe values). 
There was a significant difference observed between treatments in the L values 
measured at 5 days postmortem (P<0.05) (Table 6). Higher L values were observed in the 
conventional processed carcasses (Table 6), indicating a paler color. The conventional 
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processing duration also resulted in higher b-values between treatments (P<0.05) for the first 
slaughter day but no difference was observed for the second slaughter date (P>0.05), 
resulting in interaction between replication and treatment. No significant differences were 
observed in the hue angle between treatments at any time (Table 6). Therefore, discoloration 
was similar for both processing treatments. A negative correlation was found between the L 
values at 1 d and the pH taken at 24 h and 5 d postmortem. Similarly a negative correlation 
was observed between the L values at 5 d and pH taken at 24 h and 5 d postmortem, 
indicating that a lower pH was associated with greater L values (-0.333, P<0.001; -0.521, 
P<0.001 respectively) (Table 4). 
Star probe values were significantly positively correlated with purge loss (0.50, 
P<0.01) and/or drip loss (0.438, P<0.01) (Table 7). Therefore, samples with greater purge 
loss and/or drip loss were expected to be less tender than samples that lost less water. 
A positive correlation was found between the level of intact desmin and the star probe 
values (0.472, P<0.01) (Table 7). Therefore, greater desmin degradation was associated with 
greater tenderness. The level of intact desmin was also positively correlated with drip loss 
(0.318, P<0.001) and purge loss (0.345, P<0.001) (Table 7). These results indicate that 
greater degradation of desmin was associated with greater water holding capacity. Intact 
desmin values were positively correlated with L values at 24 hand 5 d postmortem (0.291, 
P< 0.001; 0.250, P<0.005 respectively). Therefore, samples that had greater degradation of 
desmin were associated with darker meat. 
A negative correlation between the level of intact desmin and the 24 h pH was found 
(-0.184, P<0.05), suggesting that greater degradation of desmin occurred in the samples that 
had higher 24 h pH (Table 8). 
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4. Discussion 
The significantly more rapid pH decline observed in the carcasses that were in the 
conventional processing treatment may have contributed to the lower Japanese color scores 
and higher luminosity (L) values observed in this group since a negative correlation was 
found between 24 h pH and the L values. Even though the time differences were not as 
extreme, the results in the present study were consistent with D'Souza, Dunshea, Warner & 
Leury (1998), who demonstrated that carcasses that were processed with delays (carcasses 
entered the chiller at 70 min postmortem) had paler color than normal processed carcasses 
(carcasses entered the chiller at 45 min postmortem). It is known that denaturation of certain 
proteins, including myoglobin, occurs due to a rapid pH decline while the temperature of the 
carcass is near temperature of living muscle (Huff-Lonergan et al., 2001). This combination 
of events produces a pale color in meat and a reduction in its water holding capacity. 
The negative correlation found btetween the 24 h pH and the level of intact desmin 
illustrates that higher pH was associated with less intact desmin. Therefore, more degradation 
of desmin occurred in the samples that had a higher pH at 24 h postmortem. It is known that 
the protease µ-calpain is responsible for most of the proteolytic changes that occur when 
meat is aged, including the degradation of certain proteins such as desmin (Huff-Lonergan et 
al., 1996a). The results from the current study are consistent with Maddock, Huff-Lonergan, 
Rowe and Lonergan (2004b ), who demonstrated that in a model system containing µ-cal pain, 
degradation of desmin was reduced at pH 6.0 when compared to pH 6.5 or 7.5. Additionally, 
Maddock, Huff-Lonergan, Rowe, and Lonergan, (2004b) reported that either a very rapid or 
a very slow pH decline would produce a loss of proteolytic activity and would therefore, 
minimize proteolysis. Maddock et al. (2004b) hypothesized that a very rapid pH decline 
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reduces µ-calpain activity due to the lower pH. On the other hand, a very slow pH decline 
could produce earlier µ-calpain autolysis postmortem and also limit the chances that 
maximum proteolysis could occur. Consequently, Maddock et al. (2004b), suggested that an 
intermediate pH decline would produce greater µ-calpain activity and therefore, greater 
breakdown of proteins. Therefore, we can conclude that the less rapid (more intermediate) 
pH decline observed at 2 h postmortem and at later times in the short processed carcasses, 
could have maintained a higher activity of µ-calpain, producing greater degradation of 
desmin, since less degradation of desmin occurred in the carcasses that had a faster pH 
decline. Likewise, Melody et al. (2004) observed that the psoas major muscle, the muscle 
with the lowest measured pH at 45 min, had less activity and earlier inactivation of µ-calpain 
than the longissimus dorsi and semimembranosus muscles. They showed that at 6 h 
postmortem no µ-calpain activity was detected in the psoas major muscle. Additionally, 
Melody et al. (2004) stated that the loss in µ-calpain activity paralleled the increased 
autolysis of µ-calpain noted at 45 min and 6 h postmortem. They also showed that the 
difference in the rate of autolysis of µ-calpain also paralleled the differences in pH decline 
noted in the psoas major, longissimus dorsi, and semimembranosus muscles. Desmin was 
also less degraded in the psoas major at later times postmortem, even tough proteolysis 
started earlier (Melody et al. (2004). 
Higher drip losses were observed m the loins that received the conventional 
processing treatment. The positive correlation found between the amount of intact desmin 
and purge loss and/or drip loss indicates that water holding capacity increases when greater 
desmin degradation is observed. Likewise, Melody et al. (2004) observed less drip loss in a 
muscle that had greater desmin degradation, psoas major, than in the longissimus dorsi at 24 
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hours postmortem. Melody et al. (2004) hypothesized that the variation in drip losses 
between muscles could be a result of the differences in postmortem degradation of desmin. 
These results are consistent with Schafer, Rosenvold, Purslow, Andersen and Henckel 
(2002), who showed that degradation of desmin, vinculin and talin was associated with an 
improvement in meat water holding capacity. Likewise, Kristensen and Purslow (2001) 
hypothesized that degradation of the cytoskeleton could improve water holding capacity by 
elimination of inter-myofibrillar and costameric connections. Therefore, it was hypothesized 
that when the linkage between the myofibrils is disrupted, lateral shrinkage of myofibrils 
produced by the induction of rigor is eliminated, preventing any inherent fluid from being 
expelled from the cell. Therefore, shrinkage of the whole muscle fiber would be eliminated, 
producing an increase in the water holding capacity of meat, possibly also allowing 
extracellular water to flow back into the cell. 
The positive correlation found between the star probe values and the purge loss 
and/or drip loss suggests that higher star probe values are expected when higher drip loss or 
purge loss occurs. Lonergan, Huff-Lonergan, Rowe, Kuhlers and Jungst (2001a) found 
higher Warner-Brazler shear (WBS) values in longissimus samples of pigs selected by their 
increased lean growth efficiency when compared to longissimus samples of control pigs. In 
this study Lonergan et al. (2001a) found that the samples that had higher WBS values also 
had greater drip losses in the longissimus dorsi muscle. Additionally, Lonergan et al. (2001a) 
suggested that water holding capacity might be effected by proteolytic disruption at or close 
to the Z-line of the sarcomere and that proteolysis of intermediate filaments, like desmin, 
minimize the expulsion of water from muscle cells and reduce their ability to swell. In 
addition, Gardner et al. (2004) found a significant negative correlation between firmness 
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scores and drip loss measured on longissimus dorsi samples after 1 and 5 d of storage. 
Firmness scores were based on a 3-point scale where 1 =soft and 3=firm. Therefore, greater 
drip losses were associated with the softer samples. Additionally, Gardner et al. (2004) found 
a significant negative correlation between Warner-Bratzler Shear force values determined at 
5 d postmortem and wetness (1 =wet, 3=dry). Therefore, since "wetness" is an indicator of 
moisture loss, then less tender samples were associated with greater moisture loss. 
Although the treatment difference in tenderness was not significant in the current 
study, the star probe values of the chops that were from the conventional processing 
treatment tended to be greater than the star probe values of the chops that received the short 
processing treatment. The positive correlation found between star probe values and amount 
of intact desmin indicated that tenderness (as estimated by star-probe) was improved with 
desmin degradation. This is in agreement with other studies that have related desmin 
degradation with an increase in tenderness (Huff-Lonergan et al., 1996a; Taylor, Geesink, 
Thompson, Koohmaraie & Goll, 1995; Ilian, El-Din, Bekhit & Bickerstaffe, 2004). Huff-
Lonergan et al. (1996a) demonstrated that desmin degradation was significantly greater in the 
samples that had significantly lower shear force values, while the samples that had 
significantly higher shear force values showed slower desmin degradation and slower 
appearance of the desmin degradation products. Additionally, Huff-Lonergan et al. (1996a) 
demonstrated that changes in tenderness are not only related to desmin degradation but are 
also related to the postmortem changes of other proteins such as troponin-T, titin, nebulin and 
filamin. 
Several studies have demonstrated that accelerated chilling may considerably 
improve some pork quality traits (Springer et al., 2003; Mcfarlane & Unruh, 1996). 
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Accelerated chilling has been used widely to reduce evaporative weight losses (Maribo et al., 
1998a) and to reduce the amount of microbial growth (Huff-Lonergan et al., 2001). Taylor 
and Dant (1971) observed that carcasses that were cooled quicker had less drip loss. 
Minimum drip loss occurred when the quicker cooling rate was accompanied with a slow rate 
of pH change. Our data indicate that a higher final pH (24 h PM) and a slower rate of pH 
decline early postmortem could reduce drip loss, possibly through greater degradation of 
desmin. It has been reported that slow chilling in combination with rapid glycolysis can 
produce a reduction in µ-calpain activity (Hwang & Thompson, 2001). The slower pH 
decline, achieved by accelerated chilling and accelerated processing rate in the shorter 
processed carcasses, could have helped in preventing shrinkage of the myofilament lattice 
and/or myosin denaturation, hence, improving the water holding capacity of meat. The darker 
color observed in the short process carcasses, could be the result of less myoglobin 
denaturation, due to the slower pH decline observed in this group. Therefore, the reduction in 
the scalding and bleeding duration in combination with earlier chilling postmortem could 
produce the adequate combination of pH and temperature that would result in a reduction of 
the most common quality defects; pale color and poor water holding capacity. 
5. Conclusions 
In order to meet consumer demands, the pork industry needs to implement harvest 
and processing procedures that would reduce variation in pork quality. Our data suggest that 
a shorter scalding time coupled with earlier entry in the cooler has no detrimental effects on 
pork quality and could improve color and water holding capacity. It was demonstrated that 
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slowing the pH decline by accelerated chilling and/or reduced scalding duration, resulted in 
improved pork quality. Accelerated processing could allow greater degradation of the 
intermediate filament protein desmin and therefore, reduce drip losses and/or improve 
tenderness. As a result of a reduction in the pH decline color scores can be improved 
considerably due to the reduction in the denaturation of certain proteins. The faster rate of 
carcass handling early postmortem had a substantial effect on pork quality, demonstrating 
that commercial harvest processes could be optimized by reducing the processing time. 
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Table 1 
Treatment assignment to carcasses 
Scald Bleeding 
nI n2 n3 duration (min) duration (min) 
SI -Conventional I6I 64 40 7.60 5.65 
SI-Short I75 65 40 5.60 4.I5 
82-Conventional I50 66 4I 7.60 5.96 
82-Short I69 68 40 5.60 4.IO 
655 
SJ= 1st slaughter group, S2=2nd slaughter group, Conventional=conventional processing time 
Short=short processing time, nl =total number of carcasses used for the experment 
n2= samples where 24 pH, firmness, color, and drip loss was measured 
n3 = samples transported to JSU meat lab 
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Table 2 
Least squares means and standard errors for EH and temperature 
Slaughter 1 Slaughter 2 Level of significance 
Attribute Conventional Short Trt-S 1 Conventional Short Trt-S2 Treatment Replication ReE*Trt 
pH EC 6.54 ± 0.02 6.46 ± 0.02 <0.01 6.64 ± 0.02 6.56 ± 0.02 <0.01 <0.01 <0.01 0.91 
pHExC 6.35 ± 0.02 6.31±0.02 0.18 6.29 ± 0.03 6.50± 0.02 <0.01 <0.01 <0.01 <0.01 
pH6h 6.37 ± 0.01 6.31±0.02 <0.01 6.20 ± 0.02 6.29± 0.02 <0.01 0.42 <0.01 <0.01 
pH24h 5.85 ± 0.03 5.89 ± 0.03 0.39 5.76 ± 0.01 5.78 ± 0.02 0.99 0.23 <0.01 0.08 
pH 5 d 5.55 ± 0.03 5.58 ± 0.03 0.50 5.65 ± 0.01 5.65 ± 0.02 0.84 0.65 <0.01 0.50 
Temp EC (°C) 41.11 ± 0.14 41.05 ± 0.07 0.95 40.95 ± 0.09 40.91 ± 0.70 0.73 0.81 0.04 0.88 
Temp ExC (0 C) 25.02 ± 0.63 26.37 ± 0.47 0.08 24.07 ± 0.37 20.76 ± 0.47 <0.01 0.04 <0.01 <0.01 
Temp 6h (°C) 7.67 ± 0.21 10.80 ± 0.21 <0.01 7.37 ± 0.23 6.35 ± 0.19 <0.01 <0.01 <0.01 <0.01 
Temp 24 h (0 C) 3.52 ± 0.07 4.28 ± 0.11 0.25 5.07 ± 0.06 4.96 ± 0.07 0.21 <0.01 <0.01 <0.01 
Conventional=conventional processing duration, Short=short processing duration 
EC=entering the cooler; ExC=exiting cooler; pH and temp were taken at 30 min for the short processed carcasses and at 35 min pm for the conventional processed 
carcasses; Trt-SI=P-value for difference between treatments for first slaughter day, Trt-S2=P-value for difference between treatments for second slaughter day 
Note: the time at which the carcasses entered the cooler was 35 min for the conventional processed carcasses and 30 min/or the short processed carcasses and 
the time at which the carcasses exited the cooler was 2 hours for the conventional processed carcasses and I hand 55 min for the short procesed carcasses 
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Table 3 
Least sguare means and standard errors for delta EH and TemE between different times PM 
Slaughter 1 Slaughter 2 Level of significance 
Conventional Short Conventional Short Treatment Re2lication Re2*Trt 
pH 
l>pHExC 0.18 ± 0.02 0.15 ± 0.03 0.38 ± 0.03 0.08 ± 0.02 <0.001 0.017 <0.001 
1>pH6 -0.02 ± 0.02 -0.02 ± 0.02 O.o? ± 0.04 0.19 ± 0.02 0.015 <0.001 0.021 
l>pH24 0.48 ± 0.04 0.45 ± 0.03 0.47 ± O.o3 0.54 ± 0.03 0.625 0.243 0.125 
1>pH5d 0.29± 0.03 0.32 ± 0.03 0.10 ± 0.02 0.14±0.03 0.211 <0.001 0.804 
l>pHOv 0.976 ± 0.039 0.88 ± 0.050 1.016 ± 0.032 0.932 ± 0.047 0.036 0.281 0.897 
Temp 
l>tExC 16.25 ± 0.83 14.87 ± 0.51 16.73 ± 0.40 20.31 ± 0.50 0.044 <0.001 <0.001 
1>t6 17.58 ± 0.65 15.66 ± 0.46 16.62 ± 0.33 14.24 ± 0.41 <0.001 0.010 0.623 
l>t24 2.54 ± 0.36 5.90 ± 0.41 1.75 ± 0.34 0.83 ± 0.35 0.001 <0.001 <0.001 
1>t5d -0.22 ± 0.24 -0.785 ± 0.20 -0.079 ± 0.19 0.12 ± 0.20 0.258 0.027 0.118 
Conventional=conventional processing duration, Short=short processing duration, '5pHExC=difference between the entry cooler pH and 
the exit cooler pH, '5pH6=difjerence between the exit cooler pH and the 6 h pH, '5pH24=difjerence between the 6 hand the 24 h pH, 
'5pH5d=difference between the 24 hand the 5 d pH, '5pHOv=overall pH decline (difference between the entry cooler pH and the 5 d pH) 
'5tExC=difjerence between the entry cooler temp and the exit cooler temp, '5t6=difjerence between the exit cooler temp and the 6 h temp, 
'5t24=difjerence between the 6 h and the 24 h temp, '5t5 =difference between the 24 h and the 5 d temp, Note: entry cooler pH and Temp 
were taken at 30 min for the short processed carcasses and at 35 min pm for the long processed carcasses, exit cooler pH and temp were 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Least squares means and standard errors for quality attributes of selected loins 
Slaughter 1 Slaughter 2 Level of significance 
Attribute Conventional Short Conventional Short Treatment Replication Rep*Trt 
Firmness 1.86 ± 0.08 1.93 ± 0.08 1.97 ± 0.08 1.64 ± 0.07 0.08 0.23 
JCS Cut 2.97 ± 0.08 3.12 ± 0.07 2.82 ± 0.07 3.01±0.07 0.02 0.06 
JCS Surface 2.67 ± 0.07 2.82 ± 0.09 2.71±0.07 2.70 ± 0.07 0.36 0.60 
%Drip loss 2.17 ± 0.21 1.47±0.15 3.38 ± 0.21 2.84 ± 0.23 <0.01 <0.01 
Purge loss 0.56 ± 0.06 0.50 ± 0.06 1.09 ± 0.08 1.05 ± 0.09 0.51 <0.01 
Water loss 23.09 ± 0.71 24.24 ± 0.64 26.53 ± 0.69 25.74 ± 0.64 0.78 <0.01 
Star probe 5.80 ± 0.16 5.77 ± 0.10 6.55 ± 0.15 6.13 ± 0.14 0.11 <0.01 
Intact desmin 0.56 ± O.D3 0.45 ± 0.05 0.65 ± 0.04 0.55 ± 0.04 0.06 0.08 
Conventional=conventional processing duration, Short=short processing duration, firmness was subjectively scored (I =very soft, and 
3=very firm), JCS Cut was obtained from the cross-section of the loin between the 10th and I Ith rib and JCS surface was obtained from 









48 h in tubes, Purge loss is the weight lost after I 20 h postmortem under atmospheric conditions, Water loss is the weight lost after cooking, 
star probe values were obtained from 2 chops per animal (6 punctures per chop), the level of intact desmin was obtained from samples 
aged 5 d postmortem. 
85 
Table 6 
Least squares means and standard errors for L ab measurements from LD samples 
Slaughter 1 Slaughter 2 Level of significance 
Attribute Conventional Short Conventional Short Treatment Re2lication Re2*Trt 
Dayl 
IlumC L 45.36 ± 0.42 43.81±0.33 45.64 ± 0.34 45.89 ± 0.43 0.09 <0.01 0.02 
IlumC a 5.90 ± 0.18 6.30 ± 0.16 5.68 ± 0.15 5.77 ± 0.15 0.13 0.02 0.34 
Ilum C b 3.44 ± 0.16 3.05 ± 0.12 2.60 ± 0.13 2.69 ± 0.16 0.30 <0.01 0.09 
Hue 29.89 ± 1.10 25.84 ± 0.79 24.18 ± 0.94 29.86 ± 5.15 0.76 0.76 0.07 
Chroma 6.91± 0.21 7.05 ± 0.17 6.30 ± 0.17 6.46 ± 0.17 0.41 <0.01 0.97 
Day5 
Ilum D65 L 47.49 ± 0.52 45.14 ± 0.57 48.51±0.45 48.47 ± 0.47 0.02 <0.01 0.02 
Ilum D65 a 5.66 ± 0.12 5.51±0.12 4.87 ± 0.12 5.08±0.11 0.79 <0.01 0.13 
Ilum D65 b 10.68 ± 0.11 10.01±0.13 10.03 ± 0.08 10.17±0.09 0.01 o.oz <0.01 
Hue 62.14 ± 0.57 61.22 ± 0.47 64.18 ± 0.61 63.52 ± 0.52 0.15 <0.01 0.81 
Chroma 12.10 ± 0.11 11.44±0.14 11.17 ± 0.08 11.38 ± 0.10 0.04 <0.01 <0.01 
Conventional=conventional processing duration, Short=short processing duration 
Note: Measurements were taken from the cross section of the center of the loin 
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Table 7 
Correlations between star probe, purge loss,% drip loss and intact desmin of selected loins 
Star probe 
Purge loss 
% Drip loss 
Intact desmin 
Star Probe Purge loss % Drip loss Intact desmin 
1 0.5 *** 0.438 *** 0.4 72 
0.5 *** 0.628 *** 0.345 
0.438 *** 0.628 *** 0.318 
0.4 72 *** 0.345 *** 0.318 *** 






Correlations between level of intact desmin and pH and temperatures at 6 h and 24 h PM 
Intact desmin 6hpH 6 h Temp 24hpH 
Intact desmin 1.000 -0.114 -0.112 -0.184 
6hpH -0.114 1.000 -0.124 0.033 
6 h temp -0.112 -0.124 1.000 0.216 
24 h pH -0.184 * 0.033 0.216 ** 1.000 
24 h temp 0.065 -0.023 -0.038 -0.030 
5 d pH -0.112 -0.018 -0.054 0.355 
*, **, *** = P<0.05, P<0.01, P<0.001, respectively 









Reference Sl-N Sl-S Sl-N Sl-S S2-S S2-N S2-S 
l l l l l l l i - .. .. - ... - .. ..... +-- Intact Desmin I I I I I I r 
4.04 0.47 1.78 1.52 0.51 5.99 2.61 +-- Drip loss% 
0.45 0.57 0.59 0.24 0.58 1.056 0.35 +-- Densitometric ratio 
of intact desmin 
compared to the ref. 
Fig. 1. Western blot of whole muscle samples of longissimus muscle chops aged 5 d 
postmortem using a polyclonal antibody to desmin with the corresponding drip loss 
percentages that were obtained by suspending the samples for additional 48 hours after 24 h 
PM. A whole muscle sample from porcine LD aged 7 days was used as a reference. 
Densitometric ratio was determined by dividing the intensity of each sample over the 
intensity of the reference. S 1 and S2 stand for slaughter day one and slaughter day two, N 
and S stand for normal and short scalding time respectively. 
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GENERAL SUMMARY 
Variation of pork quality is one of the main concerns of the pork industry. Several 
approaches have been made to try to minimize these variations, which include the 
manipulation of the conditions pre and post-slaughter. Postmortem metabolism is a crucial 
factor in the determination of final pork quality. The rate and extent and of pH decline in 
combination with the temperature of the muscle at an early time postmortem is probably one 
of the most important factors that determine postmortem muscle metabolism. It is known that 
a rapid pH decline in combination with a high muscle temperature produces the denaturation 
of certain proteins and often results in meat that is pale, soft and exudative. 
In this study it was demonstrated that rapid processing in combination with early 
chilling early postmortem resulted in pork that had better color and better water holding 
capacity. The difference in water holding capacity between the carcasses that were processed 
at a faster rate and the carcasses that were processed in a conventional manner could be 
associated to the differences observed in desmin degradation. In the present study, a tendency 
for greater degradation of desmin was observed in the carcasses that had a shorter processed 
duration and these carcasses showed also lower drip losses at 24 h postmortem. These results, 
further confirm the fact that degradation of desmin is associated with an improved water 
holding capacity of muscle. The improvement in water holding capacity as desmin is 
degraded has been explained as the elimination of inter-myofibrillar and costameric 
connections that allow that more water to flow into the muscle cell and prevent inherent fluid 
from being expelled from the cell. 
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The combination of shorter scalding duration and earlier chilling resulted in improved 
color measurements which were associated with a higher final pH and or slower pH decline. 
It was demonstrated that the short processed carcasses had a significantly slower pH decline. 
It has been reported that early chilling postmortem can result in a significantly higher pH 
when compared to carcasses that have received delayed chilling postmortem. Additionally, 
other studies have demonstrated that a rapid pH decline in combination with a high muscle 
temperature result in the denaturation of the pigment protein in muscle known as myoglobin. 
Therefore, we concluded that the better color observed in the short processed carcasses was a 
result of the lower pH decline observed in these carcasses. Although tenderness was not 
significantly affected by processing duration, a tendency for greater star probe values were 
observed in the conventional processed carcasses. 
It is recommended that the pork industry minimize their processing durations by 
trying to gain valuable minutes in the slaughter and processing chain that would result in 
considerably better pork quality and would allow them to reduce variation in pork quality. It 
is concluded that a reduction in a scalding duration accompanied by earlier chilling 
postmortem results in better pork color and water holding capacity. 
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